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BSTRACT  (Conllnuo  on  to^ormo  oldm  It  noeotamfy  mnd  Idonllty  by  block  numbor) 

i 

Mechanisms  for  prompt  initiation  of  laser  supported  absorption  waves  are 
identified  with  their  experimental  consequences.  A phenomenological  theory 
of  electron  emission  from  metals  under  Intense  laser  irradiation  is 
discussed.  A recent  model  for  initiation  of  laser  supported  detonation 
waves  which  requires  exceeding  both  irradiation  and  fluence  thresholds  Is 
suimarlzed. 


Design,  construction,  and  testing  of  an  apparatus  including  a target  to 
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SUMMARY 


This  final  report  describes  the  work  completed  through  the  third  year 
of  the  contract  for  an  experimental  Investigation  Into  the  basic  mechanism 
for  formation  of  prompt  laser  supported  absorption  waves  (LSAW)  created  when 
laser  pulses  of  high  power  density  are  directed  onto  target  surfaces  In  air. 
The  objective  of  the  research  Is  to  provide  a detailed  understanding  of  the 
laser-surface  Interaction,  under  conditions  when  bulk  vaporization  does  not 
occur,  by  examination  of  the  properties  of  the  ejected  electrons  emitted  in 
vacuum.  Both  1.06  pm  and  10.6  pm  lasers  were  used  in  this  study. 

As  technical  background,  four  mechanisms  for  prompt  initiation  of 
LSAW  were  considered  - localized  vaporization  of  absorptive  inclusions  in  the 
surface,  thermionic  emission,  localized  hlgh-field  electron  emission  from 
protrusions  on  the  surface,  and  multiphoton  emission  of  electrons.  Experi- 
mental tests  to  distinguish  among  these  mechanisms  were  Identified.  A pre- 
liminary correlation  of  previous  studies  of  electron  emission  under  intense 
laser  radiation  due  to  Musal  was  used  to  Identify  true  multiphoton  emission 
of  electrons,  a transition  region,  and  a saturation  region  as  a function  of 
Increasing  laser  Irradlance.  A two-criterion  model  for  production  of  laser 
supported  detonation  (LSD)  waves  due  to  Musal  was  explored.  The  model 
requires  exceeding  a minimum  irradiation  threshold,  to  eject  enough  energetic 
electrons  from  the  target  to  seed  an  Ionization  cascade  In  the  air,  and  also 
exceeding  a minimum  fluence  threshold  for  development  of  a nearly  fully 
ionized  plasma. 

The  design,  construction,  and  testing  of  the  target  chamber  and  vacuum 
* 

system,  the  target  developed  for  measurements  with  fast  time  response  of 
total  electron  emission,  and  the  electron  energy  analyzer  and  detector  are 
presented  in  detail.  Q-swltched  laser  pulses  were  obtained  from  both  the  CO^ 
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laser  and  the  Nd  laser  and  focused  to  yield  Irradlances  in  excess  of  the 
minimum  irradiance  criterion  for  production  of  LSD  waves.  Target  materials 
Included  chemically  polished  pure  aluminum,  aluminum  6061-T6  and  2024-T3 
alloys,  cast  aluminum,  type  321  stainless  steel,  titanium  Ti-6A1-4V  alloy, 
gold,  silver,  and  painted  aluminum. 

Experiments  were  conducted  in  vacuum  with  0.3  fus  pulses  of  10.6  pm 

2 

laser  light  with  incident  irradiances  from  0.3  to  10  Mw/cm  on  metal  targets. 

The  peak  electron  current  density  from  type  321  stainless  steel  and  Ti-6Al-AV 

titanium  alloy  increased  with  irradiance  but  showed  no  break  at  the  threshold 

irradiance  for  initiation  of  LSD  waves.  Electron  emission  from  aluminum  was 

found  to  increase  substantially  upon  roughening  of  the  target  surface.  An 

even  larger  emission  was  found  upon  irradiation  of  an  array  of  aluminum  coated 

field  emission  points.  For  polished  pure  aluminum,  6061-T6  aluminum  alloy, 

gold,  silver,  and  painted  aluminum  targets, electron  emission  was  not  observed, 

2 

but  upper  limits  for  electron  current  density  at  Irradiances  of  5 Mw/cm  were 

-5  2 

found  to  be  less  than  8 x 10  A/cm  . 

Experiments  were  conducted  with  0.1  ns  pulses  of  1.06  pm  laser  light 

2 

with  irradiances  from  8 to  250  Mw/cm  on  various  aluminum  targets  in  vacuum. 
The  time  dependence  of  electron  emission  changed  from  a sharp  spike  at  low 
irradiances  to  a pulse  with  a slower  rise  and  longer  decay  at  the  highest 
irradiance.  Rotation  of  the  polarization  vector  of  the  laser  light  to  be 
perpendicular  to  the  target  surface  increased  the  electron  emission  from 
aluminum  alloy  but  had  no  effect  on  cast  aluminum.  Measurements  of  peak 
current  density  versus  irradiance  showed  electron  emission  from  cast 
aluminum  to  be  the  same  as  that  from  chemically  polished  pure  aluminum. 
Roughening  the  surface  of  aluminum  alloy  increased  the  electron  emission  at 
this  wavelength  also.  Emission  from  aluminum  2024-T3  alloy  was  found  to  be 
much  smaller  than  that  from  aluminum  6061-T6  alloy. 

In  the  experiments  reported  here,  sufficient  electron  current  density 
to  produce  LSD  waves  in  air  is  generated  in  vacuum  at  laser  Irradiances  near 


iii 


LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 


LMSC-D566093 


the  reported  thresholds.  The  temperature  rise  is  too  small  for  thermionic 
emission  to  be  significant  except  possibly  at  the  highest  irradiances  studied. 
The  temperature  rise  is  too  small  to  induce  vaporization  of  even  thin  laminae 
of  the  bulk  material.  The  slope  of  log  total  electron  emission  versus  log 
irradiance  plots  is  too  small  to  correspond  to  true  multiphoton  emission  of 
electrons.  The  bulk  of  the  evidence  supports  enhanced  field  emission  as  an 
operative  mechanism  for  electron  production  in  most  of  tlie  materials  studied. 
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Section  1 
INTRODUCTION 


This  final  report  describes  the  work  completed  through  the  third  year 
of  the  contract  for  an  experimental  investigation  into  the  basic  mechanism 
for  formation  of  prompt  laser  supported  absorption  waves  created  when  laser 
pulses  of  high  power  density  are  directed  onto  target  surfaces.  The  objec- 
tive of  the  research  is  to  provide  a detailed  uiiderstandlng  of  the  laser- 
surface  interaction,  under  conditions  when  bulk  vaporization  does  not  occur, 
by  examination  of  the  properties  of  the  ejected  electrons. 

In  Section  2 a discussion  of  the  technical  background  and  current 
state  of  knowledge  is  given.  Section  3 is  devoted  to  the  development  of 
apparatus  and  experimental  procedure-  Section  4 contains  experimental 
results  and  discussion. 
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Section  2 

TECHNICAL  BACKGROUND 

This  section  contains  a description  of  the  phenomenon  of  prompt 
initiation  of  laser-supported  absorption  waves  (LSAW)  , the  initiation 
mechanisms  which  have  been  proposed, and  some  possible  experimental  tests  to 
distinguish  among  these  mechanisms.  Next  there  is  a discussion  of  a pre- 
liminary correlation  of  previous  studies  of  electron  emission  from  metal 
surfaces  under  intense  laser  radiation.  Finally,  a new  model  for  initiation 
of  laser-supported  detonation  waves  is  described. 

2.1  Mechanisms  for  Prompt  Initiation  of  LSAW 

The  phenomenon  of  prompt  initiation  of  laser-supported  detonation 

waves  from  metal  surfaces  has  now  been  observed  by  many  experimenters. 

Typical  are  the  experiments  at  Battelle,  (C.  T.  Walters,  et  al..  Reference  1), 

where  fractional  microsecond  laser  bursts  of  10.6  pm  photons  from  a CO2  TEA 

laser  on  rolled  Al  surfaces  in  ambient  air  have  produced  laser  supported 

absorption  waves  (LSAW)  which  travel  through  the  air  away  from  the  target. 

The  luminous  waves  absorb  laser  radiation,  blocking  delivery  of  energy  to 

the  target.  The  power  density  of  the  laser  for  these  experiments  is  in  the 
2 

range  50-500  Mw/cm  , with  a pulse  length  of  200  ns.  Onset  of  the  air  break- 
down is  observed  within  20  ns  after  the  laser  pulse  reaches  peak  power.  The 
LSAW  are  initiated  in  a time  much  too  short  to  produce  bulk  vaporization  of 
the  surface.  Streak  photographs  of  the  surface-air  Interface  during  the 
laser  pulse  show  the  breakdown  emanating  as  streamers  from  a few  randomly 

distributed  discrete  points  on  the  surface  (at  threshold  power  density,  10-50 
2 

points  in  the  1 cm  laser  spot).  Increasing  the  laser  power  density 
Increases  the  number  of  source  points  and  the  density  of  the  streamers.  At 
the  highest  laser  power  densities,  the  breakdown  appears  to  spread  uniformly 
over  the  entire  illuminated  spot  on  the  surface.  Flashing  the  same  spot  re- 

( 
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repeatedly  may  produce  an  absorption  wave  on  the  first  pulse  but  no  absorption 
waves  on  subsequent  pulses.  Examination  of  the  surface  of  aluminum  sheet 
stock  of  the  type  used  in  the  experimental  studies,  using  a scanning  electron 
microscope,  showed  localized  randomly  distributed  pits,  scratches,  protrusions 
and  inclusions  that  could  he  the  sites  for  "prompt"  absorption  wave  initiation 
Although  electron  microscopic  examination  of  the  surface  after  laser  irradi- 
ation reveals  removal  of  some  surface  features,  opening  of  pits,  and  so  forth, 
looking  at  the  "before"  photographs  gave  essentially  no  clues  as  to  which 
features  would  serve  as  sources  of  LSAW  or  which  features  would  be  changed  by 
the  laser  flash.  Once  the  laser  absorption  wave  has  been  Initiated,  its 
propagation  can  be  explained  by  relatively  well  understood  mechanisms  of 
laser  absorption  producing  cascade  ionization  of  the  air.  Therefore,  interest 
is  focused  on  the  mechanism  which  initiates  the  breakdown. 

Many  mechanisms  were  initially  proposed  including  vaporization  of  the 
surface,  oxide  films,  chemical  reactions  and  several  others,  but  on  careful 
examination,  (P.  D.  Thomas,  H.  M.  Musal,  References  2,3),  most  were  disquali- 
fied as  sources  of  rapid  initiation  of  LSAW.  There  are  currently  four  viable 
mechanisms  which  could  conceivably  account  for  rapid  production  of  ionization 
at  localized  sites,  from  which  an  absorption  wave  could  be  quickly  initiated: 

(1)  Localized  vaporization  of  inclusions  which  may  have 
higher  absorptivity  than  the  surrounding  metal  surface 
and  poor  thermal  contact  with  the  bulk  of  the  metal 
leading  to  a plasma  "micro-jet"  of  the  Inclusion 
material . 

(2)  Thermionic  emission  from  "hot-spots"  associated  with 
surface  imperfections. 

(3)  Localized  hlgh-fleld  electron  emission  from  protrusions 
on  the  surface. 

(4)  Nultlphoton  emission  of  electrons  from  the  metal  surface. 
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The  probability  of  initiation  of  LSAW  by  localized  vaporization  of 
inclusions  is  highly  dependent  on  the  nature  of  the  impurity  inclusions. 

There  is  no  doubt  that  this  mechanism  is  theoretically  possible  if  the 
appropriate  thermally  Isolated  impurities  are  present  in  the  target  surface. 
Studies  of  this  mechanism  should  give  special  attention  to  the  chemical 
composition  and  distribution  of  surface  impurities. 

Preliminary  theoretical  evaluation  of  thermionic  emission  showed  that 
thermal  conduction  in  the  target  would  lead  to  low  emission  yields  and  that, 
in  addition,  space  charge  limitations  would  severely  restrict  the  amount  of 
ionization  that  could  be  achieved.  Initiation  by  thermionic  emission  is, 
therefore,  improbable  unless  the  imperfection  is  a thermally  Isolated  thin 
lamina.  For  this  case,  Musal  has  shown  that  if  the  lamina  has  a thickness  of 
only  a few  electromagnetic  skin  depths,  then  thermionic  emission  of  electrons 
from  the  lamina  could  produce  initiation  of  LSAW  within  the  short  times 
observed  experimentally,  (Thomas,  Musal,  and  Y.  S.  Chou,  Reference  3b). 

P.  D.  Thomas  and  H.  M.  Musal  (Reference  2b)  have  examined  theoretically 
the  hlgh-fleld  emission  mechanism  in  detail.  Field  emission  of  electrons 
from  metal  surfaces  requires  electric  fields  of  20-30  MV/cm.  The  fields 
attained  in  the  Battelle  laser  experiments  are  only  about  0.2  MV/cm.  Field 
emission  of  electrons  is  therefore  not  expected  to  occur  from  the  flat 
surface  of  the  metal.  However,  Musal  has  calculated  that  surface  protrusions, 
modeled  as  prolate  spheroids  with  helght-to-base  diameter  aspect  ratio  of  20, 
experience  an  electric  field  Intensification  of  a factor  of  100,  which  is 
sufficient  to  produce  field  emission  of  electrons.  Treating  the  laser  field 
as  quasistatic,  he  has  calculated  that  such  field-emitted  electrons  could 
experience  potentials  of  about  10  eV  in  the  vicinity  of  protrusions  which  are 
less  than  1 pm  high.  Electrons  produced  by  field  emission  can  be  accelerated 
by  the  laser  field  to  high  enough  energy  to  cause  Impact  ionization  of  the 
ambient  air  molecules,  thus  creating  an  air  plasma  and  negating  the  effect  of 
space  charge  limitation.  The  time  sca'e  for  ionization  buildup  via  this 
phenomenon  appears  to  be  consistent  with  the  experimentally  observed  effects 
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of  "prompt"  abosrptlon  wave  initiation  at  high  incident  beam  intensities, 

2 

(e.g. , within  50  ns  for  laser  power  densities  of  100  Mw/cm  ). 

Additional  calculations  (Thomas,  Musal  and  Chou,  Reference  3)  on  the 
field  emission  mechanism  have  produced  some  Interesting  results.  The  original 
calculations  assumed  a step  function  form  for  the  laser  pulse.  The  calculated 
time  required  to  produce  initiation  of  an  absorption  wave  was  much  shorter 
than  the  time  observed  experimentally  at  high  laser  power  density.  Modifi- 
cation of  the  calculation  to  include  a reasonable  non-zero  rlsetimc  brings 
the  calculated  initiation  time  into  good  agreement  with  the  observations.  In 
addition,  there  is  known  to  be  a synergistic  effect  between  temperature  and 
field  emission.  A temperature  rise  of  a few  hundred  degrees  can  produce  an 
orders-of-magnltude  increase  in  field  emission  currents.  Consideration  of 
both  these  effects  leads  to  theoretically  calculated  initiation  times  in  very 
good  agreement  with  the  experimental  observations. 

To  infer  the  correct  mechanism,  one  must  identify  features  which  differ 
in  the  theoretical  models  and  select  those  which  are  most  susceptible  to 
experimental  verification. 

The  energies  of  the  electrons  ejected  from  the  surface  differ  for  these 
mechanisms.  Thermionic  electrons  have  energies  of  a few  tenths  of  an  eV. 
Electrons  produced  from  vaporization  of  impurities  should  have  energies  charac- 
teristic of  plasma  temperatures,  that  is  a few  eV  at  most.  Electrons  produced 
by  field  Ionization  may  have  energies  of  10  eV  or  more.  High  energy  electrons 
have  been  observed  in  multiphoton  photoelectric  effect  studies  (Gy.  Farkas, 

I.  Kertesz,  Zs.  Naray  and  P.  Varga,  Reference  4).  Measurement  of  the  energy 
distribution  of  the  ejected  electrons  is  a powerful  method  for  distinguishing 
among  the  proposed  mechanisms. 

Another  significant  difference  among  the  initiation  mechanisms  is  the 
time  history  of  electron  ejection.  Both  thermionic  emission  and  vaporization 
of  surface  impurities  occur  through  an  absorption  and  heat  transfer  process. 
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A definite  delay  should  be  observable  in  the  onset  of  electron  production, 
and  electrons  should  continue  to  be  emitted  after  termination  of  the  laser 
pulse  - both  due  to  thermal  lag.  Field  emission  currents,  on  the  other  hand, 
are  a highly  nonlinear  function  of  laser  power  density.  The  electron  current 
should  therefore  rise  steeply  as  the  peak  of  the  laser  pulse  is  reached  and 
should  fall  more  steeply  than  the  fall-off  of  the  laser  pulse.  This  effect 
has  also  been  observed  experimentally  in  the  transition  from  the  multiphoton 
photoelectric  effect  to  thermionic  emission.  (Gy.  Farkas,  et  al..  Reference  4). 
If  the  laser  pulse  is  made  very  short,  field  emission  could  still  occur  in 
phase  with  the  pulse,  but  electron  production  from  the  other  mechanisms  would 
be  unimportant  (Gy.  Farkas,  et  al.,  Reference  5). 

The  magnitude  of  the  electric  field  perpendicular  to  the  target  surface 
strongly  Influences  the  probability  of  electron  emission.  Consequently,  the 
polarization  of  the  laser  beam  has  a large  effect  on  the  current  from  optical 
field  emission  (Gy.  Farkas,  Zs.  Naray  and  P.  Varga,  Reference  6).  For  a 
beam  striking  a metal  surface  at  a glancing  angle,  maximum  electron  emission 
was  observed  when  the  electric  field  was  polarized  in  the  plane  of  incidence. 
This  direction  yields  the  largest  net  electric  field  perpendicular  to  the 
surface  and  thus  produces  the  largest  force  for  ejection  of  electrons.  Negli- 
gible electron  current  was  produced  with  polarization  parallel  to  the  surface. 

If  the  power  absorption  of  the  target  is  normalized  to  correct  for  changes  in 
reflectivity  with  polarization,  changes  in  the  angle  of  polarization  should 
have  no  effect  on  electron  production  by  vaporization  of  impurities.  At  fixed 
polarization,  the  magnitude  of  the  electric  field  will  vary  as  the  sine  of 
the  angle  of  Incidence  at  the  target.  The  area  Illuminated  will  Increase  as 
the  secant  of  the  angle  of  incidence,  so  that  the  heating  per  unit  area  will 
behave  as  the  cosine  of  the  angle  of  incidence.  At  constant  laser  power 
density,  field  emission  currents  from  the  target  will  show  a sine  function 
dependence,  increasing  with  the  angle  of  incidence,  but  currents  from  vapori- 
zation of  impurities  should  show  a cosine  dependence,  decreasing  as  the  angle 
of  Incidence  is  increased  (both  at  fixed  polarization). 

More  detailed  discussion  of  the  theoretical  treatment  of  LSAW  may  be 
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found  in  the  report  by  Thomas  and  Musal  (Reference  2b)  from  which  the 
following  conclusions  and  recommendations  are  taken: 

Several  mechanisms  for  rapid  production  of  Ionization  at  a material 
surface  from  which  a laser-supported  absorption  wave  could  be  promptly 
initiated  prior  to  uniform  surface  vaporization  have  been  discussed.  It  has 
been  shown  that  high-field  electron  emission  from  surface  irregularities 
appears  to  be  a viable  contender;  however,  localized  vaporization  at  material 
inhomogeneitles  has  not  been  ruled  out. 

A critical  difference  between  these  mechanisms  resides  in  whether  the 
initial  ionization  consists  of  a material  vapor  plasma  "micro-jet"  or  an 
ambient  atmospheric  gas  "plasmold".  Both  types  of  plasmas  will  radiate; 
hence  measurement  of  the  radiation  spectra  potentially  could  be  used  to 
differentiate  between  them.  Fast  time  resolution  (on  the  order  of  tens  of 
nanoseconds)  and  high  spatial  resolution  (on  the  order  of  tens  of  microns) 
are  required  if  a material  vapor  micro- jet  initiates  the  LSAW  because 
there  will  also  be  atmospheric  radiation  from  the  absorption  wave  within  a 
very  short  time  and  within  a small  distance  from  the  surface.  On  the  other 
hand,  if  it  is  electron  emission  that  initiates  the  LSAW,  there  could  be  sub- 
sequent vaporization  of  the  surface  material  after  the  LSAW  has  been  launched, 
which  would  produce  a material  vapor  spectrum.  Therefore,  time  and/or  space 
integrated  spectra  do  not  appear  to  be  adequate  to  resolve  this  distinction. 

It  has  already  been  pointed  out  that  the  distinguishing  characteristic 
of  the  field-emission  mechanism  for  prompt  initiation  of  laser-supported 
absorption  waves  is  the  acceleration  of  the  emitted  electrons  in  the  high 
field  region  near  the  emitting  surface  to  energies  sufficiently  high  as  to 
cause  impact  ionization  of  the  ambient  atmosphere.  Therefore,  a critical 
test  of  this  mechanism  would  be  to  measure  the  energies  of  the  electrons 
emanating  from  a surface  under  intense  laser  irradiation.  This  experiment 
should  be  done  in  a vacuum  rather  than  in  an  ambient  atmosphere  so  that  the 
electrons  do  not  lose  energy  through  inelastic  collisions  with  the  atmospheric 
molecules  before  they  reach  the  energy  measuring  detector.  This  will  not 
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alter  the  basic  mechanisni  because  an  ambient  atmosphere  does  not  play  a funda- 
mental role  in  the  emission  and  acceleration  process.  Thermal  electron  pro- 
duction processes,  such  as  vaporization  or  thermionic  emission,  are  also 
expected  to  produce  electrons  under  these  conditions.  However,  the  mean 
energy  of  such  electrons  will  be  a few  electron-volts  at  most,  whereas  the 
field-emission  and  subsequent  acceleration  mechanism  is  expected  to  produce 
electrons  with  energies  above  ten  electron-volts.  Thus,  a measurement  of  the 
electron  energy  distribution  should  distinguish  between  the  two  types  of 
sources  and  verify  the  presence  of  a high  energy  group  that  could  cause 
Impact  ionization  if  an  ambient  atmosphere  were  present. 

The  phenomena  being  studied  operate  on  a microscale  in  both  time  and 
space.  Furthermore,  these  phenomena  are  very  non-linearly  dependent  on  the 
incident  radiation  Intensity.  Any  temporal  "spike"  or  spatial  "hot  spot"  in 
the  Incident  beam  intensity  will  greatly  enhance  the  Initiation  mechanism 
because  of  the  strong  nonlinear  dependence  of  field-emission  current  density 
and  cascade-ionization  buildup  on  the  electric  field  intensity. 


In  sumnary,  experimental  tests  which  can  be  used  to  distinguish  among 
the  suggested  initiation  mechanisms  are  listed  in  Table  2-1  together  with 
the  predicted  result  for  each  mechanism. 

2.2  Electron  Emission  from  Metals  under  Intense  Laser  Irradiation 


Electron  emission  from  metal  surfaces  under  intense  laser  irradiation 
has  been  observed,  measured,  and  reported  by  many  investigators,  notably 
Farkas  et  al.,  (Reference  8),  Knecht,  (Reference  9),  Logothetis  and  Hartman, 
(Reference  10),  Ahmad  and  Walsh,  (Reference  11),  and  Bechtel,  Smith,  and 
Bloembergen,  (Reference  12,  13).  Initial  assessment  of  the  measurements  of 
these  Investigators  reveals  apparently  conflicting  results  and  unexplained 
trends  in  the  data.  It  now  appears,  however,  that  it  may  be  possible  to 
^ reconcile  all  these  results  into  an  overall  phenomenological  picture.  This 

I approach,  which  was  formulated  by  H.  M.  Musal,  will  be  briefly  outlined  here. 


Experimental  Tests  and  Predicted  Results 
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Figure  2-1  shows,  in  a semi-quantitative  manner,  how  the  electron 
emission  current  from  a laser-irradiated  metal  surface  behaves  as  the 
intensity  of  the  radiation  is  increased.  The  emission  current  density  J is 
plotted  versus  the  laser  Irradiance  G (both  on  normalized  logarithmic 
scales).  The  dominant  feature  of  this  schematic  graph  is  the  transition 
threshold  at  which  the  emission  current  increases  markedly.  This  transition 
threshold  irradiance  has  been  arbitrarily  located  at  unity  on  the  normalized 
intensity  scale. 

At  irradlances  below  the  transition,  the  electron  emission  current 
obeys  a true  "multi-photon"  photoelectric  emission  law;  the  emission  current 
density  Increases  with  Irradiance  according  to  the  relationship  J ~ G*'  , 
where  n “ integer  value  of  |1  + (<f’/hv)]  , $ is  the  work  function  of  the 

metal  surface,  and  hv  is  the  photjn  energy  of  the  laser  radiation.  In  this 
region  the  plot  is  a straight  line  with  slope  n . Several  lines  are  drawn 
to  show  the  effect  of  increasing  work  function  within  the  constraint  of 
constant  n . In  this  regime  the  emission  current  is  sensitive  to  the 
polarization  of  the  laser  radiation,  and  the  emitted  electrons  appear  to  have 
medium  to  high  energies  (up  to  the  order  of  10  electron-volts). 

At  the  transition  Intensity  the  electron  emission  Increases  with  a 
slope  of  order  ~15,  which  is  to  be  compared  to  a typical  slope  of  2 or  3 
(for  ruby  lasers)  at  the  lower  Intensities.  The  current  is  observed  to 
Increase  by  many  orders  of  magnitude.  In  this  transition  region  the  data 
display  some  sensitivity  to  the  work  function,  but  no  data  have  heen  reported 
on  the  effects  of  polarization  of  the  laser  beam  or  on  the  energies  of  the 
emitted  electrons. 

At  much  higher  irradlances  the  current  density  appears  to  display  a 
saturation  effect  with  the  slope  of  the  curve  approaching  unity. 

With  the  above  qualitative  picture  in  mind,  the  experimental  obser- 
vations cited  earlier  can  be  put  into  context.  This  is  shown  in  the  figure 
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Fip.  2-1.  Electron  Emission  from  Metals  under  Intense  Laser  Radiation. 
The  results  of  various  investigators  are  correlated  and 
located  in  the  appropriate  emission  regimes:  "true"  multi- 
photon,  transition,  and  saturation.  For  details,  see  text. 
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by  assignment  of  each  observation  to  its  appropriate  regime.  Thus,  the  data 
of  Farkas  - 67a,  (Reference  6),  on  sensitivity  of  the  electron  emission  to 
polarization  of  the  laser  radiation  and  the  data  of  Logothetls  and  Hartman, 
(Reference  10),  and  of  Ahmad  and  Walsh,  (Reference  11),  on  the  slope  of  the 
emission  current  curve,  all  fall  in  the  true  multi-photon  emission  regime  and 
are  consistent  with  each  other.  Some  of  the  data  obtained  by  Farkas  - 67c, 
(Reference  7),  by  Knecht,  and  by  Logothetls  and  Hartman  span  the  intensity 
range  between  the  true  multi-photon  emission  regime  and  the  transition  regime. 
The  data  of  Farkas  - 67b,  (Reference  4),  falls  totally  within  the  highly  non- 
linear transition  regime.  Finally,  the  saturation  regime  is  appropriate  to 
the  data  obtained  by  Farkas  - 72  (Reference  8),  and  by  Knecht  (Reference  9). 
Most  of  the  results  cited  above  were  obtained  by  using  ruby  laser  although  a 
very  limited  set  of  results  were  obtained  with  Nd:glass  lasers  and  frequency- 
doubled  ruby  laser  radiation.  For  ruby  laser  radiation,  the  incident  thresh- 
old irradlance  for  the  abrupt  transition  appears  to  be  approximately 
1 to  3 X 10^  watt/cm^. 


Recent  work  by  Bechtel,  Smith  and  Bloembergen  (Reference  12),  has 
employed  single  picosecond  pulses  of  frequency  doubled  (332  nm)  light  from 
a Nd:YAG  laser.  For  tantalum,  molybdenum,  and  tungsten  they  found  the  maxi- 
mum electron  current  density  to  be  proportional  to  the  square  of  the  maximum 
irradlance  as  expected  for  a two-photon  process.  In  the  case  of  tantalum  this 

second-order  behavior  extended  to  the  highest  irradiances  investigated  - about 

8 ”2  “2 
5 X 10  watt  cm  producing  a current  density  of  about  1.5  ampere  cm  . The 

transition  and  saturation  regions  were  not  yet  reached  at  the  maximum 

irradlance  of  these  experiments. 


Four-photon  photoemission  from  tungsten  was  studied  by  Bechtel,  .Smith 

and  Bloembergen,  (Reference  13),  using  30  picosecond,  1.06  pm  pulses  from  a 

Nd:YAG  laser.  Tlie  electron  current  density  was  found  to  bo  proportional  to 

9 -2 

the  fourth  power  of  the  Irradlance  over  the  range  0.4  to  4 x 10  watt  cm 

3 

The  electron  current  density  at  the  highest  irradlance  was  about  1 . 5 x 10  A cm 
The  authors  concluded  that  the  use  of  short  pulses  made  possible  the 


-2 
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verification  of  the  four-photon  process.  For  longer  pulses,  the  contributions 
from  thermally  induced  processes  usually  become  significant.  The  thermally 
induced  contributions  would  increase  the  slope  of  the  log  emission  versus  log 
irradiance  curve  to  higher  values  at  the  large  irradiances,  and  it  would  be 
difficult  to  identify  unambiguously  a single  high-order  multiphoton  process. 

A theoretical  framework  based  on  a generalized  Fowler-DuBrldge  theory 
of  electron  photoemission  appears  promising  (Reference  12).  The  basic 
assumption  is  that  the  tot<al  electron  current  density  is  a sum  of  partial 
current  densities,  each  of  which  has  a simple  form,  either  one-  or  n-photon 
photoemission  or  thermionic  emission.  Numerical  solutions  of  the  heat  con- 
duction equation  for  the  surface  temperature  as  a function  cf  space  and  time 
have  been  calculated  (Bechtel,  Reference  H),  and  a theoretical  expression 
covering  one-  and  n-photon  photoemission  ili  also  available  (Reference  13). 
Unfortunately,  even  for  pure  metals  with  ideal  surfaces,  "the  uncertainties 
in  the  electron  escape  probability,  the  escape  depth,  and  the  n-photon 
absorption  coefficient  are  large  and  no  accurate  calculation.  . . is  presently 
possible"  (Reference  13). 

Nevertheless,  the  consolidation  of  available  experimental  data  on 
electron  emission  from  laser-irradiated  metal  surfaces  into  an  overall 
phenomenological  picture  is  useful  although  it  requires  further  work  for 
verification.  In  particular,  the  location  of  the  transition  threshold  at 
various  laser  wavelengths  and  as  a function  of  laser  pulse  length  is  crucial 
to  the  development  of  wavelength  scaling  relationships,  and  more  metals  of 
engineering  importance  need  to  be  studied. 

2.3  Model  for  Initiation  of  Laser-Supported  Detonation  Waves 

A model  for  the  initiation  of  laser-supported  detonation  waves  (LSDW) 
and  its  correlation  with  experimental  data  has  been  developed  by  Musal 
(Reference  15).  By  plotting  the  characteristics  of  all  laser  pulses  which 
were  reported  to  produce  LSDW,  he  discovered  two  requirements  fer  the 
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production  of  these  waves: 

1)  a minimum  irradiation  (power  density)  tlireshold,  and 

2)  a minimum  fluence  (energy  density)  threshold.  Both 
thresholds  must  be  exceeded  to  produce  hSDW.  Neither 
the  delivery  of  a very  short,  high  power  pulse  nor  the 
delivery  of  a large  amount  of  energy  in  a long,  low 
power  pulse  is  sufficient  to  initiate  a detonation  wave. 

The  irradiation  criterion  requires  that  the  power  density  of  the  laser 

pulse  must  exceed  both  of  two  values,  one  related  to  the  properties  of  the 

target  and  the  other  based  on  the  properties  of  air.  The  irradiation  thresh- 

5 2 

old  for  metallic  targets  is  2.5  x 10  watt/cm  absorbed  by  the  material. 

This  is  presumably  the  minimum  irradiance  required  to  eject  enough  energetic 

electrons  from  the  target  to  seed  an  ionization  cascade  in  the  air  close  to 

the  target.  The  Irradiation  threshold  for  subsequent  growth  of  a fast,  non- 

6 2 2 

equilibrium  ionization  cascade  in  air  is  (1  x 10  watt/cm  )(10.6  pm/X)  , 
where  X is  the  wavelength  of  the  laser. 

The  fluence  criterion  requires  that  the  energy  density  of  the  laser 

pulse  be  sufficient  for  full  development  of  the  air  plasma  from  a low  electron 

density  to  the  high  electron  density  of  a nearly  fully  ionized  plasma.  The 

2 2 

fluence  threshold  is  (1  J/cm  )(10.6  pm/X)  (1  atm/P)  where  P is  the  ambient 
pressure. 

Musal's  two-criterion  model  gives  a good  fit  to  the  existing  LSDW  data. 
A plot  of  fluence  versus  irradiance  in  the  laser  pulse  provides  a useful 
framework  for  correlating  the  existing  experiments,  and  it  has  considerable 
predictive  value.  This  is  a significant  achievement.  It  should  be  noted, 
however,  that  in  its  present  form  the  model  is  fitted  to  observed  gross  data 
and  does  not  deal  in  quantitative  detail  with  the  underlying  physical  pro- 
cesses. In  particular,  the  mechanism  of  electron  emission  from  the  target  is 
unspecified  as  is  the  mechanism  by  which  the  electrons  acquire  sufficient 
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energy  to  initiate  ionization.  Additional  experimental  and  theoretical  work 
should  refine  the  model. 

An  especially  interesting  aspect  of  the  model  is  the  wavelength  scaling 

of  the  irradiation  threshold.  With  C0_  laser  radiation  10.6  pm,  the  material- 

5 2 ^ 

dependent  value  (2.5  x 10  watt/cm  absorbed)  and  the  intrinsic  absorptivity 

2 

of  aluminum  (a  = 0.03)  lead  to  a threshold  of  1.2  x 7 watt/cm  incident 
irradiance,  to  be  compared  with  the  air-dependent  threshold  of  1 x 10^  watt/cm 
incident  irradiance.  With  the  Ndrglass  laser  at  1.06  pm,  the  material-depend- 
ent threshold  based  on  the  absorptivity  of  aluminum  at  this  wavelength 

6 2 

(a  = 0.06)  becomes  A x 10  watt/cm  , to  be  compared  with  the  air-dependent 
8 2 

threshold  of  1 x 10  watt/cm  . Thus,  for  aluminum  subjected  to  pulses  from 
the  CO2  laser,  the  irradiance  threshold  governing  LSDW  initiation  should  be 
material-dependent;  but  for  pulses  from  the  Nd '.glass  laser,  the  governing 
threshold  should  be  dependent  on  the  power  density  requirement  for  creating 
a fast  cascade  in  the  air. 
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Section  3 

APPARATUS  AND  EXPERIMENTAL  PROCEDURE 


The  initiation  mechanism  for  laser  supported  absorption  waves  was 
studied  by  irradiating  the  target  in  vacuum  and  making  measurements  on  the 
emitted  electrons.  The  measurements  were  planned  to  include  determination,  as 
a function  of  laser  power  density  and  wavelength,  of  the  yield  of  electrons, 
the  energy  spectrum,  the  dependence  on  polarization,  the  dependence  on  angle 
of  incidence,  and  the  dependence  on  time  during  the  pulse.  Measurements  were 
made  on  various  metals  of  practical  Importance  and  on  surfaces  deliberately 
prepared  to  contain  a larger  niunber  of  field  emission  points,  to  contain  a 
large  concentration  of  absorptive  Inclusions, or  to  be  relatively  pure  and  flat. 

In  3.1  the  target  chamber  and  vacuum  system  are  described  followed  in 
3.2  by  a description  of  the  target  developed  for  measurements  with  fast  time 
response  of  total  electron  emission.  The  design,  construction,  calibration, 
and  modification  of  the  electron  energy  analyzer  and  detector  are  presented 
in  3.3.  A description  of  the  10.6  pm  CO^  laser  and  experimental  procedure 
is  presented  in  3.4.  The  1.06  pm  Nd  laser  pulse  characteristics  are  given 
in  3.5.  Finally,  the  target  materials  are  described  in  3.6. 

3.1  Target  Chamber  and  Vacuum  System 

The  target  chamber  and  vacuum  system  were  designed  and  built  in  the 
first-year  phase  of  the  contract.  Their  characteristics  are  described  below. 

The  target  chamber  is  an  aluminum  cylinder  9 indies  high  by  12  inches 
outer  diameter.  It  contains  four  2 inch  ports  for  attadiment  of  optical 
element,  viewing  window,  and  electrical  feed  throughs.  ZnSe  optics  were 
chosen  for  the  CO^  laser  studies  because  of  their  broad  band  transmission 
(visible  to  C0_  wavelengths).  A single-element  glass  lens  is  used  for  the 
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NilrGlasB  laser  studies.  The  lid  of  the  target  chamber  is  a box-like  "top  hat" 
which  contains  the  electron  spectrograph,  the  channel  electron  multiplier 
array  with  phosphor  output,  and  fiber  optics  to  bring  the  resultant  signal 
outside  the  vacuum  system  to  be  photographed.  The  target  chamber  contains 
the  target  positioner  which  permits  externally  controlled  displacement  of  the 
target  by  + 1/4  inch  in  each  of  x-  , y-  , and  z-directlons  and  rotation 
through  360°  . Two  different  types  of  target  holders  are  in  use,  one  which 
can  be  biased  reliably  for  the  electron  energy  measurements,  and  one  which 
forms  part  of  a transmission  line  for  fast  time  measurements  of  electron 
pulses . 


The  vacuum  system  employs  Viton  0-rings  and  can  reach  a base  pressure 

of  3 X 10  ^ torr.  A 4-lnch  gate  valve  isolates  the  target  chamber  from  the 

pumping  train  which  consists  of  a liquid-nitrogen  chilled  baffle  (Varian 

NRC0316-4),  a 4-inch  diffusion  pump  with  cold  cap  (Varian  NRCM4) , and  a 

direct-drive  mechanical  pump  (Leybold-Heraeus  D8A) . The  pressure  is  monitored 

by  a thermocouple  gauge  for  the  higher  pressure  ranges  and  an  ionization  gauge 

-4 

for  pressures  below  10  torr  (both  run  by  a Granville  Phillips  type  270  Gauge 
Controller) . 

The  target  chamber  and  vacuum  system  are  supported  on  a nearly  cubical 
(24  X 24  X 29  inches)  aluminum  support  table  fitted  with  casters  for  easy 
movement  to  different  laser  facilities.  Once  the  table  is  roughly  positioned 
to  place  the  laser  beam  close  to  the  target,  final  adjustments  can  be  made 
with  positioners  integral  to  the  table.  These  permit  motion  of  the  target 
chamber  for  leveling  and  vertical  adjustment  (+  1 inch),  slde-to-side  motion 
(+  1 inch),  and  rotation  (+  5°).  These  features  were  designed  to  simplify 
the  initial  setup  of  the  target  chamber  at  any  laser  facility. 

3.2  Target  for  Measurement  of  Total  Electron  Emission 

The  fast  response  target  shown  in  Fig.  3-1  was  designed  to  match  a 
50  ohm  line  and  appears  electrically  to  be  an  open  circuit  when  viewed  from 
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Fig.  3-1.  Fast  Response  Target  Assembly.  Designed  as  an  opcm-ended 
of  50  ol'im  transmission  line  to  minimize  stray  reactances. 
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the  connector  end.  The  design  formula  for  a 50  ohm  line  is  given  by  (Ref.  16) 


tan  (-1  = exp(5/k/6)  tan 


(3.1) 


where  k is  the  dielectric  constant  of  the  line  to  be  matched  (k  * 2.0  for 
teflon),  0 is  the  half-angle  for  the  inner  conical  conductor  and  6^  is 
the  half-angle  for  the  outer  conical  conductor.  For  ease  of  construction 
©2  was  chosen  to  be  90°;  thus  0^  becomes  47°.  The  target  assembly  was 
constructed  to  fit  into  half  of  a General  Radio  Type  874  50  ohm  connector. 

In  use  an  adapter  connects  the  GR  connector  to  3 mm  solid  copper  shielded 
50  ohm  line,  to  a 3 mm  type  connector  through  the  wall  of  the  vacuum  chamber, 
and  on  to  the  Tektronix  7904  oscilloscope. 


To  register  a voltage  signal  at  the  scope  from  the  electrons  ejected 
by  a laser  pulse  on  the  target,  it  was  necessary  to  create  a small  drawout 
(of  the  order  of  10  V/cm)  field  at  the  target  face.  A planar  electrode 
containing  a hole  of  the  same  diameter  as  the  target  was  located  parallel  to 
the  target  about  1 cm  away.  This  electrode  could  be  biased  to  a few  hundred 
volts  positive  which  was  sufficient  to  draw  away  electrons  produced  at  the 
target . 


3.3  Electron-Energy  Spectrograph  and  Detector 
3.3.1  Design  Considerations 

The  design  of  the  spectrograph  for  measurement  of  the  energy  spectrum 
of  the  emitted  electrons  was  selected  after  consideration  of  tlme-of-fllght , 
magnetic,  trochoidal,  and  electrostatic  analyzers.  The  type  chosen  was  the 
parallel  plate  electrostatic  spectrograph  for  low  energy  electrons  (T.  S.  Green 
and  G.  A.  Proca,  Reference  17). 

In  this  instrument,  electrons  enter  a uniform  retarding  field  at  an 
angle  of  30°  to  the  equipotentlal  planes,  are  deflected  by  the  retarding  field. 
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pass  out  through  the  entrance  plane,  and  travel  In  a field-free  region  to  the 
focal  plane.  The  focal  plane  lies  in  the  field-free  region  at  an  angle  of 
10.9°  to  the  equipotentlal  planes.  This  angle  yields  second  order  focusing 
by  minimizing  aberrations.  The  displacement  along  the  focal  plane  is  given 
by 


X (cm)  = 5.29  f U (eV)/2E  (V/cm)  - h (cm)]  (3.2) 

where  li  is  the  distance  from  the  source  to  the  entrance  plane.  The  energy 
dispersion  is  independent  of  electron  energy 

dU/dx  (eV/cm)  = 0.379  E (V/cm)  . (3.3) 

The  magnification  of  the  analyzer  is  1 . 5 A resolution  of  0.5  eV  with  a mini- 
mum reasonable  dispersion  of  0.1  cm/eV  yields  an  image  1.9  cm  long  for  the 
desired  energy  range  of  1 to  20  eV.  The  electric  field  implied  by  the 
required  resolution  is  26.4  V/cm  or  less.  Such  fields  could  be  produced  by 
a stack  of  guard  plates  (as  in  the  Green  and  Proca  design)  and  could  be  main- 
tained uniform.  Because  the  dispersion  is  independent  of  electron  energy, 
electrons  can  be  accelerated  into  the  spectrograph  without  loss  of  resolution. 
It  is  also  possible  to  "tune"  the  spectrograph  for  higher  energy  electrons, 
at  the  expense  of  resolution,  by  decreasing  the  accelerating  potential. 

In  the  final  design  of  the  spectrograph,  the  distance  from  the  source 
to  the  analyzer  1^  is  chosen  to  be  2 cm.  Tlien  Eq.  (3.2)  establishes  the  mini- 
mum electron  energy  to  be  transmitted  through  the  analyzer  (x  = 0)  as  106  eV 
for  a field  ^ of  26.4  V/cm.  This  requires  acceleration  of  electrons  into  the 
analyzer.  The  low  energy  end  of  the  focal  plane  lies  at  h or  10.4  cm 
from  the  source,  and  the  high  energy  and  1.9  cm  further.  The  entrance  slit 
subtends  12°  and  is  1.5  cm  long.  Assuming  a focal  plane  width  of  2 cm,  one 
calculates  that  an  entrance  slit  width  of  0.3  cm  is  adequate  to  view  the 
source.  This  provides  a transverse  angle  of  9.3°.  An  electrode  spacing  of 
3 cm  is  adequate  to  allow  the  trajectory  of  the  extreme  36°  ray  to  pass 
through  the  analyzer. 
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3.3.2  Detector  Considerations 

One  of  the  simplest  Integrating  detectors  for  electrons  is  photo- 
graphic film.  Direct  photographic  recording  of  electrons  of  5 eV  has  been  (Ref.  18) 
reported  and  recording  of  50  keV  electrons  on  film  in  vacuum  for  electron 
microscopy  is  routine.  Electrons  of  a few  kilovolts  energy  have  a range  of 
only  a micron  in  silver  bromide,  so  that  practically  only  one  grain  layer  on 
the  film  is  affected,  and  films  with  supercoating  layers  of  gelatin  should 
be  avoided.  As  an  example  of  film  sensitivity,  Kodak  Electron  Image  Plages 

when  processed  in  (1:2)  HRP  developer  have  an  electron  speed  of  2 for 

7 2 

50-100  keV  electrons.  This  implies  an  exposure  of  5 x 10  electrons/cm  to 

produce  a density  of  1.0  above  gross  fog.  Because  the  total  electron  emission 

4 

of  the  target  is  only  7 x 10  electrons,  it  is  impossible  to  achieve  inte- 
grated electron  exposures  of  this  size  by  accelerating  the  electrons  emerging 
from  the  spectrograph  directly  into  the  film. 

A high  resolution,  high  sensitivity  channel  plate  image  intensifier 
for  use  in  particle  spectrographs  (Reference  19)  has  been  tested  with  the 
Green  and  Proca  parallel  plate  electrostatic  spectrograph.  The  electron 
energy  spectrum,  dispersed  along  the  focal  plane,  is  the  electron  image  which 
is  amplified  by  a channel  plate  multiplier.  Additional  gain  might  be  achieved 
by  acceleration  of  the  electrons  from  the  focal  plane  to  the  input  of  the 
channel  plate  multiplier.  The  electrons  emerging  from  the  multiplier  are 
accelerated  to  several  kilovolts  into  a thin  aluminum  film  deposited  on  the 
face  of  a scintillator.  The  thin  film  has  high  electron  transmission  and 
provides  a uniform  accelerating  field  but  excludes  any  light.  The  photons 
generated  in  the  scintillator  are  coupled  to  a photographic  plate  by  fiber 
optics.  The  fast  time  response  of  the  scintillator  is  not  required  in  these 
experiments,  and  it  could  be  replaced  by  a fluorescent  screen. 

To  assess  the  feasibility  of  the  proposed  combination  of  parallel 
plate  analyzer  and  Image  intensifier  we  can  calculate  backwards,  from  detector 
to  the  laser  target.  To  obtain  a density  of  0.6  above  fog  (25%  transmission) 
on  a typical  spectral  photographic  plate  (Ref.  20)  requires  0.03  photons  per  square 
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micron.  Because  the  Image  Intenslfier  yields  10^  photons  per  electron,  the 

required  input  to  the  image  intensifier  (at  the  image  plane  of  the  analyzer) 

is  30  electrons  per  square  cm.  (Of  course,  statistical  fluctuations  alone 

would  make  analysis  of  such  a small  number  of  electrons  impractical.  This 

number  is  considered  in  order  to  examine  a worst  case  situation.  In  actual 

experiments,  as  explained  below,  a substantially  larger  number  of  electrons 

will  be  analyzed.)  The  dimensions  of  the  image  are  2 cm  by  2 cm,  so  that 

about  120  electrons  must  be  transmitted  by  the  analyzer.  The  acceptance 

angle  of  the  spectrograph  is  12°  in  the  energy-dispersing  direction.  In  the 

transverse  direction  the  image  of  the  40  um  spot  on  the  laser  target  is  2 cm 

wide  at  a maximum  distance  of  12.3  cm.  The  minimum  transverse  angle  subtended 

is  about  9.3°.  If  we  make  the  stringent  assumptions  that  the  laser  target 

emits  electrons  isotropically  into  the  2ti  solid  angle  and  that  the  energy 

distribution  of  the  electrons  is  flat  over  the.energy  range  1-20  eV  (so  that 

the  electrons  spread  uniformly  along  the  image  plane),  then  the  total  number 

4 

of  electrons  leaving  the  target  would  have  to  be  about  2.5  x 10  . For  a 

laser  pulse  of  200  ns  duration  this  represents  a current  of  1.3  x 10^^ 

electrons  per  second  for  an  emitting  point.  Musal  (Reference  3)  calculates 

that  a current  of  this  size  could  be  produced  by  laser  flux  densities  of 
2 

50-500  Mw/cm  , depending  on  his  choice  of  conditions.  (For  example,  a field 

emission  point  one  micron  high  with  a field  enhancement  of  100  would  emit 

11  2 
3.6  X 10  electrons  for  a laser  power  density  of  100  Mw/cm  , and  a point 

of  0.3  microns  with  a field  enhancement  of  30  would  emit  4 x 10^^  electrons 
2 

at  1 Gw/ cm  . 


For  several  reasons  the  example  just  discussed  is  a worst  case 
situation.  First,  the  blackening  of  film  to  D = 0.6  is  a severe  requirement 
for  plates  to  be  read  on  a microdensitometer.  Second,  the  energy  spectrum  of 
the  electrons  will  not  be  flat  but  will  peak  at  some  energy  of  interest  in- 
creasing the  signal  in  the  appropriate  part  of  the  image.  Third,  the 
electrons  will  probably  not  be  emitted  isotropically  but  will  be  preferentially 
accelerated  along  the  direction  of  the  electric  vector  of  the  laser  radiation 
and  into  the  spectrograph.  Finally,  not  only  does  the  emission  per  point  rise 
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rapidly  with  increasing  laser  power  density,  but  the  number  of  emitting  points 
has  also  been  observed  to  increase.  Because  the  calculation  for  these  worst 
case  assumptions  indicated  that  the  experiment  was  feasible  with  the  proposed 
apparatus,  it  was  reasonable  to  expect  that  the  experiment  could  be  successful 
under  tbe  actual  conditions. 

The  channel  plate  image  intensifier  with  photographic  film  recording 
was  judged  to  be  the  most  appropriate  for  use  with  the  parallel  plate  electro- 
static spectrograph. 

A schematic  diagram  of  the  experimental  arrangement  as  originally 
conceived  is  shown  in  Figure  3-2. 

3.3.3  Hardware 

The  electron  spectrograph  has  been  designed,  built  and  calibrated. 

The  base  plate  is  made  from  0.1  inch  thick  stainless  steel  and  the  electrodes 

from  25  mil  advance  metal.  The  electrodes  are  2 Inches  wide  by  7 inches  long 

with  cutouts  of  0.5  by  6.1  inches  for  the  electron  trajectories.  The 

electrodes  are  supported  from  the  base  by  lA  aluminum  oxide  rods  and  spacers 

located  along  the  outside  edges.  A uniform  electric  field  is  produced  by  a 

voltage  on  the  electrodes  supplied  through  a voltage  divider  of  precision 

glass-encapsulated  resistors  located  within  the  vacuum  system.  The  base  plate 

contains  both  the  entrance  and  exit  apertures  for  the  electrons.  It  is 

8.85  Inches  long  and  is  Interfaced  to  the  input  plane  of  the  detector  at  the 

required  angle  of  10.9°  by  means  of  a wedge-shaped,  hollow,  cylindrical 

support.  The  base  plate  bolts  to  this  wedge  which,  in  turn,  is  bolted  to  the 

flange  containing  the  detector  and  the  fiber  optic  output  window.  The 

(R) 

Channetron  Electron  Multiplier  Array  (CEMA)  construct€‘d  to  our  design  by 
Galileo  Electro-Optics  has  a AO  mm  active  diameter  with  25  pin  pore  size.  The 
input  to  the  fiber-optic  window  is  vacuum  sealed  to  a flange  to  carry  the 
light  of  the  output  signal  through  the  vacuum  wall  where  the  signal  is 
recorded  on  film.  Thus,  the  entire  assembly-electron  spectrograph,  detector, 
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and  fiber-optic  output  is  mounted  on  a single  flange  which  can  be  assembled 
and  aligned  outside  the  target  chamber  and  then  fitted  into  the  box-like 
"top-hat"  on  the  lid  of  the  target  chamber.  A scale  diagram  of  this  arrange- 
ment is  shown  in  Figure  3-3. 

3.3.4  Calibration 

Calibration  of  the  energy  transmission  and  resolution  characteristics 
of  the  system  was  accomplished  by  using  a tungsten  spiral-wound  filament  as 
an  electron  gun  cathode  which  was  located  behind  a pinhole.  The  cathode  was 
biased  to  a negative  voltage  (shown  as  electron  energy  U)  and  the  plate  con- 
taining the  pinhole  was  grounded.  From  Eq . (3.2)  one  expects  the  energy  of 

electrons  reaching  a fixed  point  on  the  focal  plane  of  the  spectrograph  to  be 
linearly  dependent  on  the  analyzer  field  E 

U (eV)  = E(V/cm)  [.379  x (cm)  + 2h  (cm)]  . (3.4) 

This  is  confirmed  in  Figure  3-4  which  is  a plot  of  the  energy  of  electrons 
reaching  the  center  of  the  CEMA  output  circle  versus  analyzer  field.  The 
design  value  of  x to  the  center  of  the  TEMA  was  6.9  cm  and  with  h = 2.0  cm, 
the  design  slope  of  the  U versus  E plot  was  calculated  to  be  6.61  to  be 
compared  with  a measured  value  of  6.60. 

The  energy  dispersion  of  the  spectrograph  as  a function  of  analyzer 
field  is  shown  in  Figure  3-5.  From  the  design  equation  (3.3)  the  plot  is 
expected  to  be  linear  with  a slope  of  0.379.  The  observed  plot  is  linear  with 
a slope  of  0.335» within  10%  of  the  design  value.' 

The  energy  calibration  of  the  spectrograph  is  sensitive  to  the  position 
h of  the  electron  source  (see  Eq.  3.4).  The  value  of  h is  difficult  to 
ascertain  directly  because  of  the  odd  angles  Involved  and  because  the  target 
is  mounted  from  the  base  of  the  chamber  and  the  spectrograph  is  mounted  on 
the  lid.  Consequently,  an  empirical  in  situ  al1g:im<-nt  and  calibration  is 

3-10 

LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

M I i t I ( I » A 


fcOCIHIIO 
A t U ■ « I n « 


A $ 


t » A C f 


C O M r A N V 


t N c 


ELECTRON  ENERGY  TRANSMITTED 


LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

lOC«HIID  A COMAAN*  iNC 

A $U»«tOIAIV  O*  iOCKHliO  AI*CIA»1  COtAOtAlIQM 


ELECTRON  ENERGY  DISPERSION,  AU  /Ax(eV/cm) 


ANALYZER  FIELD,  E fV/CM) 


Fig.  3-5.  Dispersion  of  the  Electron  Energy  Spectrograph.  The  difference 
in  electron  energy  required  to  strike  the  CEMA  at  points  1 cm 
apart  is  a linear  function  of  the  retarding  electric  field  of 
the  analyzer. 
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provided  by  placing  an  electron  filament  behind  at  pinhole  at  one  side  of  the 
target  assembly  level  with  the  target  surface.  Tlie  pinhole  Is  visually 
located  as  close  as  possible  to  the  best  source  location,  and  final  adjust- 
ments to  achieve  the  narrowest,  brightest  line  at  the  output  of  the  spectro- 
graph are  accomplished  in  vacuum  using  the  electron  source.  The  energy  cali- 
bration is  then  established  by  tlie  bias  on  the  filament.  The  laser  focus  is 
then  brought  into  registration  with  the  pinhole  by  use  of  the  visible  align- 
ment beam  passing  along  the  laser  axis.  Finally,  the  target  is  displaced  side- 
ways to  bring  the  target  material  into  testing  position. 

Photographs  of  the  output  were  taken  at  f/1.4  on  Polaroid  Type  410 
film  with  a camera  of  the  type  used  for  oscilloscope  photos.  Figure  3-6  Is 
a multiple  exposure  photo  with  different  bias  voltages  applied  to  the  tungsten 
filament  electron  source.  The  horizontal  slightly  curved  lines  are  produced 
because  there  is  no  focusing  in  the  transverse  direction  by  the  spectrograph. 

A transparent  millimeter  grid  was  placed  across  the  output  face  to  aid  in 
calibration. 

3.3.5  Modification 

When  the  analyzer  was  used  with  a laser  shot,  a large  bright  spot 
appeared  on  the  screen  at  analyzing  voltages  corresponding  to  slightly  less 
than  the  accelerating  voltage  from  the  target  (Fig.  3-7).  This  effect  probably  results 
from  electrons  produced  at  tiie  solid  plate  at  the  rear  of  the  analyzer  by 
photons  coming  from  the  target.  These  spurious  electrons  mask  the  desired 
signal  of  electrons  emitted  from  the  target.  To  reduce  this  undeslred  current, 
the  rear  analyzer  plate  was  replaced  by  a high-transmission  nickel  grid  to 
maintain  the  electrical  characteristics  of  the  analyzer  while  permitting  the 
photons  to  pass  out  of  the  analyzer.  Efforts  on  further  development  of  the 
electron  energy  analyzer  were  concluded  at  this  point  because  of  termination 
of  funding. 
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(>.  Calibration  of  Electron  Energy  Cpectrograph.  Multiple 
exposure  of  electrons  from  filament  and  pinhole 
calibration  source  shows  energies  from  150  to  174  eV 
In  2 eV  steps  plus  155,  165,  175  eV.  Analyzer  field 
was  set  at  25  V/cm. 


Energy  Spectrogram  of  Electron  Distribution  from  Laser 
Pulse  on  A1  Alloy  Target  showing  spurious  bright  spot 
due  to  photoelectrons  produced  inside  the  analyzer. 
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I 3.4  CO^  10.6  pm  Laser 

3.4.1  Experimental  Apparatus 

Laser  pulses  of  0.3  microseconds  duration  at  10.6  pm  wavelength  were 
obtained  by  mechanically  Q-swltchlng  a Coherent  Radiation  Model  43  CO2 
laser.  The  laser  has  a 13  meter  cavity  and  can  produce  500  watts  cw.  To 
Q-switch  the  laser,  the  toally  reflecting  rear  mirror  was  replaced  by  a pair 
of  concave  spherical  mirrors  whicli  are  adjusted  to  reproduce  the  focal  length 
of  the  rear  mirror.  A small  focal  spot  is  created  between  the  concave 
mirrors,  and  the  laser  beam  path  is  chopped  at  this  point  to  produce 
Q-switching.  Beam  chopping  is  produced  by  transmission  through  a 10  mil  slit 
in  a 3.25  inch  diameter  A1  wheel  which  was  dynamically  balanced  and  driven  at 
400  Hz  by  a synchronous  motor.  Because  the  chopper  is  mounted  on  the  laser 
end  plate,  it  reaches  a 20  kV  potential  during  the  striking  of  the  discharge. 
The  chopper  motor  power  supply  is  Isolated  by  a high  voltage  transformer. 

The  optics  and  chopper  motor  are  water-cooled  and  all  are  located 
within  the  vacuum  system  of  the  laser;  that  is,  they  are  Immersed  in  the 

gas  medium.  Excited  species  from  the  discharge  are  free  to  migrate 
into  the  Q-swltch  assembly  and  probably  were  the  cause  of  turning  the  black- 
anodized  chopper  wheel  to  a golden  color.  The  water  cooling  connections 
among  the  copper  heat-sink  mounts  were  originally  made  by  rubber  surgical 
tubing.  Unfortunately,  stray  reflections  of  the  laser  beam  during  adjustment 
of  the  chopper  wheel  burned  holes  in  the  tubing  admitting  cooling  water  to 
the  laser  cavity.  Satisfactory  results  were  achieved  by  use  of  flexible 
stainless  steel  tubing  and  compression  fittings  for  the  water  cooling  system. 

Because  individual  submicrosecond  pulses  were  required  for  these 
experiments,  a chopper  wheel  containing  a single  transmitting  slit  was  tried. 
From  the  400  Q-swltched  pulses  per  second  produced  by  this  arrangement,  a 
single  pulse  was  isolated  externally  to  the  laser  by  a solenoid-driven 
shutter  which  remained  open  for  2.5  milliseconds.  Although  this  method 
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yielded  the  desired  pulse,  it  also  resulted  in  a large  number  of  noise 
pulses  and  severe  erosion  to  the  chopper  wheel.  Much  more  energy  was  con- 
tained in  the  sum  of  the  noise  pulses  than  in  the  main  Q-switched  pulse. 

Observations  showed  no  noise  pulses  for  a short  time  after  the  main  Q-swltched 
pulse  and  little  erosion  on  the  area  of  the  chopper  wheel  which  Immediately 
followed  the  slit  into  the  beam.  Evidently,  the  time  required  for  the  con- 
tinuous discharge  to  create  a population  inversion  in  the  lasing  medium  is 
short  compared  to  the  2.5  ms  between  Q-switched  pulses,  and  there  is  sufficient 
gain  in  the  laser  medium  to  cause  the  laser  to  fire  on  spurious  reflections 
from  the  chopper  wheel. 

Relatively  clean  Q-switched  pulses  were  obtained  by  chopping  at  a 
faster  rate.  A chopper  wheel  containing  12  equally  spaced  slits  was  run  at 
400  Hz  to  yield  4800  pulses  per  second,  that  is,  a pulse  spacing  of  208  micro- 
seconds. Although  spurious  pulses  were  not  completely  eliminated,  both  their 
size  and  frequency  were  markedly  reduced  to  five  or  less  noise  pulses  per 
Q-switched  pulse  with  a total  energy  content  always  less  than  half  that  of  the 
main  pulse  and  usually  much  less.  Figure  3-8  shows  the  experimental  setup. 

To  isolate  a single  Q-swltched  pulse  from  the  pulse  stream,  a rotating 
shutter  wheel  was  placed  external  to  the  laser  in  series  with  the  solenoid 
driven  shutter.  This  wheel  contained  six  3/8  inch  diameter  holes  spaced  on 
a 7.50  inch  diameter  circle.  The  wheel  was  driven  by  a variable  speed  ac 
motor  at  about  4800  rpm  to  provide  a clear  aperture  for  200  ps  spaced  about 
2 milliseconds  apart.  The  speed  of  the  solenoid  driven  shutter  was  Increased 
so  that  it  remained  open  for  2 milliseconds.  The  "open"  status  of  each  shutter 
was  monitored  by  a light  source  coupled  to  a phototransistor.  The  triggering 
of  the  single-shot  solenoid-driven  shutter  could  be  adjusted  through  a time 
delay  circuit  and  observed  on  an  oscilloscope.  The  timing  was  set  so  that 
the  200  ps  "open"  time  of  the  shutter  wheel  fell  at  the  middle  of  the  2 ms 

"open"  time  of  the  single-shot  shutter.  Because  the  Q-swltched  laser  pulses  j 

were  spaced  about  200  ps  apart,  this  arrangement  Insured  transmission  of  a , 

single  Q-switched  pulse  for  each  firing  of  the  solenoid-driven  shutter. 
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Figure  3-8.  J .hematic  diagram  of  experimental  arrangement  for  experiments  with 
Q-switched  pulses  from  the  C0_  laser. 
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The  internal  safety  shutter  on  the  laser  housing  was  used  to  block  the 
laser  output  except  for  a few  seconds  during  a shot. 

A manually  operated  beam  flag  was  placed  between  the  exit  of  the 
discharge  tube  and  the  first  spherical  mirror  of  the  Q-swltch  chopper.  The 
flag  was  removed  from  the  beam  path  only  when  laser  shots  were  being  made. 

Tnis  device  permitted  the  discharge  to  be  run  continuously,  thus  enhancing 
the  stability  of  the  laser  while  preventing  the  beam  from  reaching  the  mirror 
being  focused  to  a spot  and  eroding  the  chopper  wheel . 

The  beam  exit  from  the  laser  was  located  only  a few  Inches  from  the 
floor.  The  beam  was  raised  to  the  height  of  the  target  chamber  by  a periscope 
arrangement  of  two  front  surface  A1  mirrors.  The  lower  mirror  deflected  the 
beam  vertically  and  changed  the  beam  polarization  from  horizontal  to  vertical. 
The  upper  mirror  deflected  the  beam  to  the  horizontal  and  at  right  angles  to 
the  original  direction  of  the  beam  emerging  from  the  laser.  The  beam  polar- 
ization remained  vertical  after  this  reflection. 

The  laser  beam  then  passed  through  the  shutter  wheel,  and  the  single 
shot  shutter.  A KBr  crystal  plate  beam  splitter  located  in  front  of  the 
target  chamber  reflected  about  8 percent  of  the  beam  into  a beam  monitor. 

The  main  part  of  the  laser  beam  passed  on  to  the  2.5  inch  focal  length  ZnSe 
lens  sealed  into  the  target  chamber  and  was  focused  onto  the  target. 

The  beam  monitor  consisted  of  a 1.5  inch  focal  length  Ge  lens  and  a 
Molectron  P3-00  pyroelectric  detector.  To  obtain  10  mV  signals  to  display 
directly  on  the  oscilloscope  a feedback  resistor  of  510  K was  used  which  made 
the  detector  risetime  250  nanoseconds.  The  beam  monitor  response  was  cali- 
brated against  a small,  precalibrated  tantalum  foil  calorimeter,  using  single 
pulses  from  the  laser.  The  reflectance  of  the  anodized  Ta  foil  was  measured 
independently  (R  “ 0.86),  and  a linear  calibration  was  obtained  between  the 
voltage  output  of  the  pyroelectric  detector  and  the  energy  delivered  to  the 
target. 
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During  an  experiment  the  signal  from  the  pyroelectric  detector  was 
fed  into  one  channel  of  a Tektronix  Type  551  dual  beam  oscilloscope  (main- 
frame risetime  12  nanoseconds)  with  Type  53/5AB  wideband  calibrated  preamp 
(risetime  25  nanoseconds). 

The  laser-induced  electron  emission  was  measured  as  electron  current 
leaving  the  target.  Two  Avantek  Type  AV-9T  solid  state  amplifiers  with 
0.7  nanosecond  rlsetimes  and  voltage  gains  of  32.5  and  35.5  were  used  to 
amplify  the  electron  signal  which  was  fed  into  the  other  channel  of  the  dual 
beam  oscilloscope  through  a Type  53/54K  fast  rise  calibrated  preamplifier 
(risetime  6 nanoseconds). 

A thin  metal  plate  containing  a hole  for  passage  of  the  laser  beam 
was  placed  1 cm  from  the  target.  A dc  voltage  could  be  applied  to  this  plate 
to  produce  a drawout  field  for  the  electrons  emitted  from  the  target. 

The  oscilloscope  was  triggered  by  a signal  derived  from  the  shutter 
monitors  through  an  Ortec  Type  418  coincidence  unit  which  fired  when  both  the 
solenoid  shutter  and  the  rotating  shutter  were  open.  A sweep  speed  of  20  raicro- 
seconds/cm  was  used  to  display  the  entire  period  when  the  shutters  were  open. 

A faster  sweep  speed  based  on  internal  triggering  derived  from  the  laser 
signal  was  found  to  be  unsatisfactory.  The  scope  tended  to  trigger  on  small 
noise  pulses  from  the  laser,  and  the  fast  sweep  speed  would  cause  the  main 
peak  to  be  missed.  Internal  triggering  on  the  electron  signal  was  success- 
fully accomplished  for  one  set  of  runs  so  that  a faster  sweep  speed  could  be 
used  and  the  temporal  structure  of  the  laser  and  electron  pulses  could  be 
observed.  This  mode  of  operation  was  not  satisfactory  for  monitoring  every 
shot  because  electron  pulses  were  not  always  obtained,  and  in  this  event  this 
scope  would  not  trigger  and  no  record  of  the  laser  pulse  for  diagnostic  pur- 
poses could  be  obtained.  Ideally,  two  double  beam  scopes  should  be  used, 
one  at  slow  sweep  speed  to  give  a complete  record  of  each  shot  and  one  at 
fast  sweep  speed  to  record  the  temporal  structure  of  the  pulse.  Unfortunately, 
two  dual  beam  scopes  were  not  available  for  these  measurements. 
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The  pulses  were  photographed  on  Polaroid  Type  410  film. 

3.4.2  CO2  10.6  pm  I.aser,  Experimental  Parameters 

Determination  of  the  laser  irradiance  onto  the  target  requires 
measurement  of  the  energy  in  the  laser  pulse,  the  pulse  width,  and  the  spot 
size . 


The  energy  per  pulse  was  determined  by  calibration  of  the  pyroelectric 

detector  against  the  tantalum  foil  calorimeter  which  had  an  output  of 
_2 

7 X 10  V/ j . For  this  calibration  the  target  was  replaced  by  the  calorimeter, 

and  the  calorimeter  output  was  measured  on  a microvoltmeter.  Multiplying  the 

output  of  the  pyroelectric  detector  used  as  a monitor  in  the  split-off  beam 
-2 

by  2.30  X 10  j/V  yields  the  Incident  energy  on  target. 


The  area  of  the  laser  focal  spot  was  determined  by  driving  a knife 
edge  through  the  beam.  For  this  measurement,  both  shutters  were  left  open 
and  a continuous  stream  of  pulses  was  delivered  to  a power  meter  downstream 
from  the  knife  edge.  The  beam  profile  appeared  nearly  gausslan  with  a 

The  depth  of  focus  was  about  1 mm. 


2 -4  2 

1/e  target  spot  area  of  6.2  x 10  cm 


The  full  width  at  half  height  of  the  laser  pulse  averaged  from  20  shots 
was  0.30  + 0.04  ps  so  that  for  a temporally  gausslan  pulse,  the  1/e  scale  time 
is  0.30  ps/(2/Tn2)  = 0.18  ps. 


Assuming  the  pulse  to  be  both  spatially  (x,y)  and  temporally  (t) 
gausslan  (Reference  2l)»  one  has  the  equation 

I(x,y,t)  = Ip  exp  j^-(2/w^)(x^  + y^)j  exp  (-t^/t^)  (3.5) 

where  I is  the  irradiance,  Ip  is  the  peak  irradiance,  w is  the  beam 
radius,  and  t is  the  1/e  scale  time.  The  total  energy  in  a pulse  E^.  is 
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given  by  integration 


E 


t 


ffj  I (x,y,t)dx  dy  dt 


E 


t 


1/2ti 


3/2 


2 

W T 


I 

p 


Solving  for  the  peak  irradiance,  one  obtains 


2 E 

t 

^ nw^j  ^ i/tT  t j 


(3.6) 

(3.7) 


(3.8) 


2 2 

where  nw  is  the  1/e  target  spot  area. 

Inserting  the  measured  parameters,  one  obtains  the  calibration  equation  relating 
the  photon  Irradiance  in  this  system  to  the  total  energy  in  the  laser  pulse 

I =•  1.01  X 10^^  w cm  ^ j ^ E . (3.9) 

P t 

The  electron  current  density  is  obtained  from  the  peak  value  of  the 
oscilloscope  signal  and  the  effective  emitting  area.  As  noted  earlier,  the 
electron  signal  was  amplified  through  two  fast  pulse  amplifiers  having 
characteristic  input  and  output  impedances  of  50  fi  and  into  a 50  n terminator 
on  the  oscilloscope. 

The  peak  electron  density  was  obtained  from 

V 

J - 2 ^ = (2.80  X 10~^  A cm'^  V~^)V  (3.10) 

where  V Is  the  peak  voltage  deflection  on  the  oscllloscpe,  A A are  the 

p 2 2 ^ ^ 

gains  of  the  amplifiers,  and  irw  is  the  1/e  area  of  the  laser  spot,  which 

was  taken  as  the  effective  area  for  electron  emission. 
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3.5  1.06  pm  Laser  Pulse  Characteristics 

The  data  at  1.06  pm  were  obtained  with  single  pulses  selected  from  a 

Q-swltched,  mode-locked  train  from  an  Nd: glass  laser  and  passed  through  two 

Isolators  located  within  four  stages  of  amplification.  The  experiments  were 

run  concurrently  with  another  study  which  required  higher  irradlance.  To  do 

this  approximately  10%  of  the  beam  was  split  out  with  a pellicle  located  just 

upstream  from  the  fifth  amplifier,  and  a mirror  was  used  to  reflect  this 

weaker  beam  into  the  target  chamber  built  for  this  experiment.  Neutral 

density  filters  located  in  front  of  the  focusing  lens  for  the  target  atten- 

-5  -3 

uated  the  laser  beam  by  factors  of  about  10  to  10  to  cover  the  desired 

6 8 2 

range  of  irradlance  (10  to  10  w/cm  ).  The  pulse  length  of  the  laser  was 
measured  as  125  + 25  ps  by  a streak  camera,  where  the  limits  include  the 
pulse-to-pulse  variations.  The  area  of  the  target  spot  was  taken  as  the  area 
of  the  circular  white  spot  (about  1.5  mm  in  diameter)  produced  on  blackened 
Polaroid  print  by  an  unattenuated,  focused  laser  pulse.  The  average  area  was 
1.84  + 0.02  mm^. 

The  energy  in  each  pulse  was  obtained  from  a calorimetric  monitor  of 
the  main  laser  beam  which  in  turn  was  calibrated  against  a calorimeter  placed 
in  the  beam  split-off  for  the  experiments  reported  herein.  The  energy  per 
pulse  for  these  experiments  ranged  up  to  0.2  J before  attenuation. 

The  laser  becun  entering  the  target  chamber  was  elliptically  polarized 
with  the  major  axis  at  about  4:30  o'clock  (looking  into  the  target). 

For  measurement  of  the  polarization  dependence  of  electron  emission, 
the  fast  response  target  described  above  was  rotated  45*^  about  a vertical  axis, 
and  the  drawout  electrode  was  shifted  slightly  to  give  an  unobstructed  view 
of  the  target  from  the  lens.  A polarizer  was  oriented  along  the  major  axis 
of  the  ellipse  of  polarization  of  the  laser  beam  (45°  ccw  from  the  vertical) 
to  assure  linear  polarization  at  the  target.  This  was  followed  by  a half- 
wave plate  which  was  set  with  its  principal  axis  at  an  angular  displacement 
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of  22.5°  to  either  side  of  the  direction  of  polarization.  Setting  the  axis  of 
the  half-wave  plate  between  the  incident  polarization  and  the  vertical  rotated 
the  polarization  direction  to  vertical,  and  the  polarization  vector  of  the 
beam  striking  the  target  fell  along  the  target  surface.  Setting  the  axis  of 
the  half-wave  plate  between  the  incident  polarization  and  the  horizontal 
rotated  the  polarization  direction  to  horizontal,  and  the  polarization  vector 
of  the  beam  striking  the  target  had  a large  component  perpendicular  to  the 
target  surface. 

The  incident  Irradlance  was  computed  from  the  measured  energy,  known 

pulse  width,  and  the  area  of  the  elliptical  white  spot  produced  on  a blackened 

2 

Polaroid  print  by  an  unattenuated,  focused  laser  pulse  (3.90  mm  ).  Because 

the  half-wave  plate  had  an  effective  diameter  of  only  0.5  inch  (compared  with 

an  0.875  inch  diameter  of  the  laser  beam),  the  area  of  the  smaller  elliptical 

spot  produced  by  the  laser  beam  after  passing  through  the  collimator  for  the 

2 

half-wave  plate  was  used  to  calculate  the  electron  current  density  (0.99  mm  ). 
3.6  Target  Materials 

The  targets  which  were  studied  are  discussed  below. 

A high  purity  (>  99.9%)  aluminum  sample  was  chemically  etched  and 
cleaned  in  distilled  water  to  provide  a flat  metal  surface  free  of  impurities. 
To  provide  a roughened  surface  another  sample  of  high  purity  aluminum  was 
abraded  with  "Scotchbrite"  abrasive  pad  and  then  ultrasonically  cleaned  to 
remove  traces  of  abrasive. 

A cast  aluminum  sample  provides  a metal  surface  containing  a relatively 
large  concentration  of  absorptive  inclusions. 

Two  samples  of  commercial  rolled  aluminum  plates  were  used  in  "as 
received”  condition  after  waslilng  with  detergent,  distilled  water,  and  alcohol 
to  remove  surface  contamination.  Aluminum  6061-T6  has  the  composition 
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0.25  percent  Cu,  0.6  percent  Si,  1.0  percent  Mg,  0.25  percent  Cr,  balance  Al; 
and  aluminum  2024-T3  has  the  composition  4.5  percent  Cu,  0.6  percent  Mn, 

1.5  percent  Mg,  balance  Al  (Ref  .eni  ■ 22).  In  addition,  the  surface  of  one 
sample  of  Al  6061-T6  was  rought  ed  with  "Scotchbrite"  abrasive  pad  to  provide 
an  abraded  surface  for  study. 

A type  of  target  containing  a large  number  of  field  emission  points 
was  purchased  from  SRI.  It  consists  of  a regular  array  of  microscopic  cones 
on  1 mil  centers  produced  by  vacuum  evaporation  of  copper  through  a screen 
onto  a molybdenum  substrate.  As  deposition  proceeded,  the  holes  in  the  screen 
filled  up,  less  vapor  was  transmitted,  and  a regular  square  array  of  field 
emission  points  was  produced.  The  cones  were  then  overcoated  with  aluminum. 

Type  321  stainless  steel  was  used  in  "as  received"  condition  after 
rinsing  with  alcohol.  The  principal  alloying  elements  are  18  percent  Cr, 

13  percent  Ni,  and  traces  of  Ti  (Reference  22). 

Titanium  alloy  was  used  in  "as  received"  condition  after  rinsing  with 
detergent,  distilled  water,  and  alcohol.  Composition  of  Ti-6A1-4V  alloy  is 
5.50-6.75  percent  Al,  3.50-4.50  percent  V,  less  than  0.5  percent  of  any  other 
Impurity,  and  balance  Ti  (Reference  22). 

Thin  sheets  of  high  purity  gold  and  silver  were  cleaned  and  fastened 
to  aluminum  disc  substrates  with  conductive  epoxy  adhesive. 

A sample  of  practical  material  was  provided  by  the  Air  Force  Materials 
Laboratory.  It  consisted  of  an  aluminum  disc  treated  with  bright  dip, 
alodlned,  coated  with  cleanly  degrading  polymer,  and  painted  with  yellow 
primer . 
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Section  A 

RESULTS  AND  DISCUSSION 


The  results  of  the  application  of  the  experimental  procedures  described 
in  the  preceding  section  to  the  materials  described  therein  are  reported  and 
discussed  in  this  section. 

First,  experiments  at  10.6  pm  using  the  CO2  laser  are  considered  for 
targets  of  stainless  steel,  titanium  alloy,  aluminum  materials  prepared  in 
different  ways,  and  other  materials.  Next  experiments  at  1.06  pm  using  the 
Nd  laser  are  reported,  in  particular,  the  time  dependence  of  electron 
emission,  the  effect  of  polarization  of  the  laser  beam,  and  the  peak  emission 
current  of  electrons  as  a function  of  laser  irradiance  for  several  different 
materials.  Finally,  the  implications  of  these  results  are  discussed. 

4.1  Experiments  at  10.6  pm 

The  maximum  irradiance  obtained  using  the  CO.  mechanically  Q-swltched 
7-2  ^ 

laser  was  about  1 x 10  w cm  in  a pulse  of  0.30  ps  full  width  at  half 
height.  A detailed  description  of  the  laser  pulse  parameters  appears  in 
Section  3.4.3.  The  pulses  occurred  in  a distribution  of  sizes  and  could  not 
be  preselected.  Considerable  scatter  was  obtained  in  all  the  measurements  of 
electron  emission.  Relatively  small  electron  pulses  were  sometimes  associated 
with  large  laser  pulses  which  usually  produced  large  electron  pulses.  (Similar 
results  have  been  observed  by  other  workers.  Reference  23).  Microscopic 
variations  in  surface  conditions  undoubtedly  account  for  part  of  the  observed 
variation,  but  a more  stable  and  reproducible  laser  pulse  appears  essential 
to  future  detailed  studies. 
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4.1.1  Stainless  Steel 

The  available  laser  irradiances  span  the  LSDW  threshold  region  for 
stainless  steel.  Figure  4-1  shows  the  dependence  of  electron  emission  on 
incident  laser  irradlance  for  "as  received"  Type  321  stainless  steel.  The 
points  represent  the  largest  values  of  peak  electron  emission  current  density 
observed  at  the  given  irradiances.  The  voltage  on  the  drawout  electrode  was 
varied  between  0 and  + 500  V.  Electron  emission  was  observed  at  0 V drawout 
in  contrast  to  the  behavior  at  1.06  pm  where  no  electron  emission  was 
observed  with  0 drawout.  Increasing  the  drawout  voltage  from  0 to  500  V 
tended  to  Increase  the  size  of  the  electron  emission  by  roughly  a factor  of  3, 
but  the  scatter  in  the  data  was  too  large  to  permit  establishment  of  quanti- 
tative relationship  between  drawout  voltage  and  electron  emission  at  fixed 
irradlance. 

In  Figure  4-1  the  open  circles  correspond  to  data  taken  with  the  laser 
beam  incident  normal  to  the  target.  The  crosses  are  data  taken  with  the  laser 
beam  incident  at  45°  to  the  target;  for  these  points  the  effective  area  for 
calculating  both  irradlance  and  current  density  was  increased  by  v 2 to  account 
account  for  the  elliptical  target  spot.  The  polarization  of  the  laser  beam 
was  in  the  plane  of  the  target  for  both  target  orientations.  The  results  form 
both  orientations  appear  to  cluster  about  a single,  common  curve. 

It  is  noteworthy  that  no  sharp  break  in  electron  emission  appears  at 
the  threshold  irradlance  reported  for  initiation  of  LSD  waves.  Instead,  the 
data  on  the  log-log  plot  can  be  approximated  by  a straight  line  with  a slo^e 
of  about  3/4. 

4.1.2  Titanium  Alloy 

The  laser  irradiances  span  the  LSDW  threshold  region  for  Ti-6A1-4V 
alloy.  Figure  4-2  shows  the  dependence  of  electron  emission  on  incident 
laser  Irradlance  for  "as  received"  Ti-6A1-4V  alloy.  The  points  represent  the 
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Figure  4-1.  Dependence  of  Electron  Emission  from  Type  321  Stainless 
Steel  on  Laser  Irradiance  at  10.6  ym. 
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Figure  4-2.  Dependence  of  Electron  Emission  from 
Titanium  Alloy  on  Laser  Irradlance  at 
10,6  pm. 
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largest  values  of  peak  electron  emission  current  density  observed  at  the  given 
irradiances.  The  voltage  on  the  drawout  electrode  was  varied  between 
0 and  + 500  V.  Electron  emission  was  observed  at  0 V drawout,  but  the 
scatter  in  the  data  was  too  large  to  permit  establishment  of  a quantitative 
relationship  between  drawout  voltage  and  electron  emission  at  fixed  Irradiance. 

In  Figure  4-2  the  open  circles  correspond  to  data  taken  with  the 
laser  beam  incident  normal  to  the  target.  The  triangles  are  data  taken  with  the 
laser  beam  incident  at  45°  to  the  target  with  the  effective  spot  area  increased 
by  . The  polarization  of  the  laser  beam  was  in  the  plane  of  the  target. 

Although  the  scatter  is  large,  the  points  from  both  target  orientations  appear 
to  cluster  together. 

No  sharp  Increase  in  electron  emission  appears  at  the  threshold 
irradiance  reported  for  the  initiation  of  LSD  waves.  The  data  on  the  log-log 
plot  exhibits  a slope  of  approximately  2. 

4.1.3  Aluminum-Containing  Materials 

Both  the  pure  aluminum  with  the  chemically  polished  surface  and  the 

6061-T6  aluminum  alloy  were  irradiated  repeatedly  and  on  different  days  at 

7 -2 

10.6  pm  with  irradiances  up  to  10  w cm  without  production  of  measurable 

electron  emission.  The  lower  limit  of  detectability  of  electron  emission 

-5  -2 

current  density  with  this  system  is  8 x 10  A cm 

The  surface  of  the  pure  aluminum  sample  was  abraded  with  Scotchbrite 

and  ultrasonically  cleaned.  Irradiation  of  this  surface  produced  considerable 

5 -2 

electron  emission.  An  irradiance  of  6 x 10  watt  cm  produced  an  electron 

— 3 —2  6 “2 

current  density  of  4 x 10  ampere  cm  ; 1.6  x 10  watt  cm  produced 

-2  -2 

1.2  x 10  ampere  cm  . The  large  increase  in  electron  emission  resulting 
from  roughening  the  aluminum  surface  is  paralleled  by  the  well-known  obsersa- 
vatlons  of  a reduction  in  the  threshold  Irradiance  requirement  for  LSD  wave 
production  when  abraded  surfaces  are  substituted  for  smooth  ones. 
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Irradiation  of  the  multipoint  target  array  of  aluminum  overcoated 

copper  micro-cones  on  a molybdenum  substrate  produced  large  electron  currents. 

5 -2 

The  initial  laser  pulse  of  8 x 10  watt  cm  produced  an  electron  emission 

-2  -2 

which  went  off  scale,  in  excess  of  10  ampere  cm  . The  second  pulse  at  the 
6 “*2 

same  spot,  1.7  x 10  watt/cm  , produced  electron  emission  of 
-3  -2 

9 X 10  ampere  cm  . Repeated  laser  pulses  were  directed  on  the  same  spot. 

5 -2  -2 

The  fifth  pulse  of  5 x 10  watt  cm  produced  electron  emission  of  0.11  A cm 

At  the  end  of  the  sequence  of  seven  laser  shots  at  the  same  spot  on  the  target, 

visual  examination  showed  a small  discolored  pinhole  area  on  the  target  array. 

Figures  4-3a  and  4-3b  show  scanning  electron  microscope  photos  of  the  target 

area.  The  cones  directly  under  the  laser  focus  are  missing;  surrounding  cones 

are  distorted,  and  the  aluminum  overcoating  is  flaking  on  nearby  cones. 

Microglobules  of  metal  can  be  seen  near  the  corners  of  the  photo  taken  at 

lower  magnification.  Possible  causes  of  the  localized  destruction  of  the 

multipoint  array  are  ohmic  heating  from  the  electron  flow  or  direct  laser 

heating  and  melting. 

4.1.4  Other  Materials 

At  the  maximum  laser  Irradiance  obtainable  from  this  system, 

6 — 2 

typically  5 x 10  w cm  , the  electron  emission  was  too  small  to  be  measured 
-5  -2 

(less  than  8 x 10  A cm  ) for  gold,  silver,  cast  aluminum,  and  'the  painted 
aluminum  targets  used  in  these  experiments. 

4.2  Experiments  at  1.06  pm 

The  range  of  irradances  from  the  Nd  laser  system  used  in  these  experi- 
6 9-2 

ments  was  about  5 x 10  to  2 x 10  watt/cm  in  short  pulse  approximately 
0.123  ns  wide. The  size  of  the  pulses  could  be  roughly  preselected  by  adjusting 
the  gains  in  the  amplifier  train.  A detailed  description  of  the  laser  pulse 
characteristics  is  given  in  Section  3.5. 

To  register  a voltage  signal  at  the  scope  from  the  electrons  ejected 
by  a laser  pulse  on  the  target  it  was  necessary  to  create  a small  drawout 
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Figure  A. 3.  Scanning  Electron  Micrographs  of  Multipoint  Array  Irradiated 
10. A pm,  a.  200X  b,  500X  . Points  arc  aluminum  overcoated 
on  copper  deposited  on  molybdenum  substrate  on  1 mil  centers. 
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4 

(of  the  order  of  10  V/cm)  field  at  the  target  face.  A planar  electrode  con- 
taining a hole  of  the  same  diameter  as  the  target  was  located  parallel  to  the 
target  about  1 cm  away.  Biasing  this  electrode  to  a few  hundred  volts  positive 
was  sufficient  to  develop  the  electron  signal.  Repeated  checks  showed  that 
the  signal  disappeared  when  the  bias  was  removed.  This  behavior  contrasts 
with  the  behavior  observed  at  10.6  pm  with  longer  pulses,  both  by  Walters, 

(C.  T.  Walters,  private  communication)  and  herein  where  large  signals  from 
photoemitted  electrons  were  obtained  without  the  use  of  a drawout  field. 

4.2.1  Time  Dependence  of  Electron  Emission 

The  time-dependence  of  the  electron  current  pulses  were  found  to 
vary  with  increasing  irradiance  in  the  short  laser  pulse.  As  shown  in 
Figure  4-4a,  for  relatively  low  irradiance,  the  electron  pulse  is  a sharp 
spike.  As  the  irradiance  is  increased,  a tail  with  a longer  time  constant 
appears  on  the  trailing  edge  of  the  pulse  (Figure  4-4b) . At  the  highest 
power  densities  studied  the  initial  spike  completely  disappears,  and  both 
a slower  rise  and  long  decay  occur  (Figure  4-4c).  These  results  suggest  the 
dominant  electron-emitting  process  shifts  from  a prompt  emission  mechanism 
(for  example,  enhanced  field  emission)  to  a delayed  emission  mechanism  (for 
example,  thermionic  emission)  with  increasing  irradiance.  Similar  behavior 
was  observed  for  all  materials  irradiated  at  1.06  ym. 

4.2.2  Polarization  Dependence  of  Electron  Emission 

I 

The  results  of  the  polarization  measurements  on  6061-T6  A1  alloy  are 
t shown  in  Figure  4-5.  Because  substantially  more  electrons  are  emitted  when 

the  polarization  vector  points  out  of  the  target  than  when  it  lies  in  the 
target  plane,  it  is  clear  that  the  electron  emission  process  is  strongly 
influenced  by  the  electric  vector  of  the  laser  light  as  would  be  expected,  for 
example,  for  an  enhanced  field  emission  mechanism  but  not  for  a purely  thermal 
effect . 


Electron  emission  from  cast  aluminum,  however,  is  independent  of  the 
angle  of  polarization  as  shown  in  Figure  4-6.  A mechanism  which  is  independent 
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Figure  4-4.  Oscilloscope  Traces  of  Total  Electron  Emission 
versus  Time  at  Different  Laser  Irradlances 
(1.06  ^m,  0.1  ns  pulses). 
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Fig.  4-5. 
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Polarization  Effect  on  Electron  Emission.  The  direction  of 
polarization  of  the  laser  radiation  was  parallel  to  the  target 
plane  for  data  points  marked  with  vertical  lines  and  perpendicular 
to  the  target  plane  for  points  with  horizontal  lines.  The  perpen- 
dicular orientation  yielded  greater  electron  emission. 
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Fig.  U-b.  Polarization  Effect  on  Electron  Emission. 

Target  was  cast  aluminum.  Emission  of 
electrons  Is  Independent  of  dlrcjctlon  of 
polarization  of  laser  light. 
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of  the  direction  of  the  electric  vector  of  the  laser  light  Is  dominant  for 
cast  aluminum, or  the  surface  microstructure  of  cast  aluminum  is  so  rough  that 
a variety  of  angles  is  presented  to  an  Incoming  beam,  obscuring  the  polarization 
effect. 

4.2.3  Total  Emission  Studies  on  Various  Materials 

Plots  of  the  peak  electron  current  density  emitted  as  a function 

of  laser  irradiance  for  normal  incidence  of  the  laser  beam  on  several  targets 
are  shown  in  Figures  4-7  to  4-9.  The  value  of  was  obtained  by  dividing 

the  maximum  voltage  observed  on  the  scope  photograph  by  the  50  ohm  scope 
termination  and  the  area  of  the  target  spot.  A new  target  spot  was  used  for 
each  laser  pulse  to  avoid  possible  effects  of  annealing  on  a previous  shot. 

A steady  increase  of  electron  emission  with  irradiance  is  observed,  although 
there  is  appreciable  scatter  in  the  data.  Note  that  the  figures  underemphasize 
the  total  emission  of  electrons  at  the  higher  irradlances  because  the  long 
tail  of  the  electron  emission  curve  is  not  reflected  in  the  plot  of  peak 
electron  current  density. 

In  Figure  4-7  the  electron  emission  of  cast  aluminum  a surface  con- 
taining a relatively  large  amount  of  absorptive  inclusions  is  given  together 
with  that  for  high  purity,  chemically  etched  aluminum.  Comparison  of  the  data 
shows  no  significant  difference  in  electron  emission  between  the  two  materials, 
except  possibly  at  the  lowest  irradiance  studied.  For  these  tenth-nanosecond 
pulses  at  1.06  the  vaporization  of  volatile  impurities  does  not  appear  to 
contribute  significantly  to  the  electron  emission. 

In  Figure  4-8  is  shown  the  electron  emission  from  two  different  sur- 
face preparations  of  A1  6061-T6  alloy  - "as  received"  and  abraded.  The 
abraded  surface  yields  about  twice  the  current  density  compared  to  the  "as 
received"  surface  indicating  the  enhancement  effect  of  surface  irregularities. 
Comparison  with  Figure  3-3  shows  that  the  current  density  emitted  by  the  "as 
received"  A1  6061-T6  alloy  is  two  to  three  times  that  of  the  high  purity,  flat 
aluminum.  It  is  not  clear  whether  this  difference  is  due  to  the  rolling  and 
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Fig.  4-7.  Dependence  of  Electron  EmlBslon  on  Irfiser  Irradlance 
Single  pulses  of  125  ± 25  ps  duration  were  selected 
from  a mode -locked,  Q-switched  train  and  focused  to 
a 1.5  mm  diameter  spot.  Target  materials  were  high 
purity  aluminum  and  cast  aluminum. 
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PEAK  IRRADIANCE.  Gp  (WATT/CM  ) 


Fig.  4-8.  Dependence  of  Electron  Emission  on  Laser 
Irradiance.  Target  materials  were  "as 
received"  and  abraded  targets  of  Aluminum 
6o61-T6  alloy. 

4-14 

LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

lOCKNIlO  MItSIklf  ft  tfftCI  COM»ANT  INC 

A tUltlOIAftV  Of  lOCIHIIO  AlftCtAft  COIAOIAflQN 

^ 


PEAK  CURRENT  DENSITY,  J (AMPERE/CM  ) 


LMSC-D566093 


LMSC-D566093 


heat  treatment  in  the  production  of  the  alloy  or  to  the  metallic  alloying 
materials . 

In  Figure  A-9  the  electron  emission  from  two  different  "as  received" 
alloys  is  shown.  The  emission  from  A1  202A-T3  is  nearly  a factor  of  50 
smaller  than  that  from  A1  6061-T6,  These  results  indicate  that  the  probability 
of  formation  of  an  LSD  wave  from  a target  of  Al  2024-T3  alloy  should  be 
considerably  less  than  that  from  pure  A],  cast  Al,  or  6061-T6  alloy. 


4.3  Discussion 

To  examine  the  experimental  results  in  terms  of  the  possible  electron 
emission  mechanisms,  one  has  to  evaluate  some  related  quantities.  First,  a 
rough  estimate  is  made  of  the  electron  current  density  needed  to  initiate  an 
LSD  wave  in  air, and  the  experimental  results  are  compared  with  the  estimate. 
Next  the  temperature  rise  at  the  target  is  calculated  by  two  different  models, 
1)  deposition  of  laser  energy  into  the  electromagnetic  skin  depth  without 
conductive  heat  loss,  and  2)  deposition  of  laser  energy  at  the  target  surface 
with  heat  conduction  into  the  target.  The  effect  of  temperature  rise  on 
vaporization  of  the  target  and  upon  thermionic  electron  emission  is  discussed. 

4.3.1  Estimate  of  Electron  Current  Density  Required  to  Initiate  Fast  Break- 
down in  Air 

Walters  has  shown  (Reference  1,  November  1973)  that  a concentration 
14  3 

of  10  electrons  per  cm  in  air  at  normal  pressure  is  adequate  to  initiate 

fast  breakdown  in  the  air  as  a priming  mechanism  for  Ignition  of  LSD  waves  by 

laser  pulses.  For  a mean  free  path  of  electrons  in  «ir  of  about  1 pm  and  a 

buildup  time  of  about  100  ns,  one  calculates  a "current  density  of  about 
-2  -2 

1.5  X 10  A cm  . This  number  can  be  compared  with  the  emitted  electron 
current  density  measured  in  vacuum  in  the  present  experiments  as  a necessary 
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but  not  sufficient  condition  for  initiation  of  LSD  waves  in  air. 

Ex£unination  of  the  CO.  laser  data  on  stainless  steel  in  Figure  4-1 

^ 6—2 
shows  this  criterion  is  met  at  an  irradiance  of  about  4 x 10  w cm  , within 

the  range  of  reported  LSD  wave  threshold  irradiance  values.  Extrapolation  of 

the  C0„  laser  data  for  titanium  alloy  in  Figure  4-2  shows  the  criterion  would 

^ 6—2 
be  met  at  an  incident  irradiance  of  about  6 x 10  w cm  , somewhat  higher  than 

6 _2 

the  reported  LSDW  threshold  of  about  2 x 10  w cm 

Examination  of  the  Nd  laser  data  in  Figures  4-7  to  4-9  shows  the 

8 “2 

criterion  to  be  met  at  Irradiances  of  about  2 x 10  w cm  for  cast  aluminum 

7 -2 

and  pure  aluminum,  about  5 x 10  w cm  for  A1  6061-T6  alloy  (somewhat  lower 

9 -2 

for  abraded  alloy),  and  at  the  much  higher  value  of  about  2 x 10  w cm  for 
A1  2024-T3  alloy. 

These  data  generally  demonstrate  that  irradiances  of  the  magnitude  reported 
to  produce  LSD  waves  in  air  generate  sufficient  electron  current  density  to 
account  for  the  LSD  wave  initiation. 

4.3.2  Temperature  Rise  at  the  Target  Surface 

The  calculation  of  maximum  temperature  rise  at  the  target  indicates 
the  relative  Importance  of  thermionic  emission  and  vaporization  as  sources 
of  electrons. 

A simple  calculation  may  be  made  by  assuming  that  the  laser  energy  is 
deposited  within  the  electromagnetic  skin  depth  of  the  target  and  that  no 
energy  is  conducted  or  radiated  away.  This  gives  an  upper  limit  to  the 
temperature  rise  in  degrees  C 

AT  - a (AE)/(6pc  ) (4.1) 

m p 

where  a is  the  absorptance,  AE  is  the  incident  fluence  in  the  laser  pulse 
-2 

in  J cm  , 6 is  the  deposition  depth  In  cm,  p is  the  target  density 

4-17 

LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

lOeiMIIIP  MItlllll  4 tfACt  COMPANY  INC 


A lUltiOIAtT  OP  lOCiNllft  AIICtAPI  COlPOlAllON 


LMSC-D5f>6093 


-3 

in  g cm  , and  is  the  specific  heat  capacity  of  the  target  in 


cm 


■v 


Musal  (Reference  2A)  has  used  Hagen-Rubens  theory  and  experimental 
measurements  to  derive  the  absorptance  and  electromagnetic  skin  depth  in  terms 
of  the  electrical  resistivity  of  the  metal  target  and  the  wavelength  of  the 
laser  light.  He  obtained 


a 


and  6 


-2  1/2 

3.65  X 10  (p  /A  ) 

e 

(4.2) 

-7  1/2 

2.91  X 10  (Pg  X)  ' 

(4.3) 

where  a is  the  absorptance,  6 is  the  skin  depth  in  cm,  p is  the  electrical 

e 

resistivity  in  ohm  cm,  and  A is  the  laser  wavelength  in  pm. 

) 

Using  this  formulation  in  the  preceding  equation  one  obtains  for  the 
upper  limit  to  the  temperature  rise 

AT^  - 1.25  X 10^AE/(pCp\)  . (4.4) 

This  expression  is  indepedent  of  the  electrical  resistivity  of  the 
metal  which  cancels  out  in  the  term  a/6  . It  should  be  reemphasized  that 

the  temperature  rise  calculated  from  this  equation  is  an  overestimate  because 
no  energy  loss  from  the  laser  spot  is  included  in  the  model.  This  is  labeled 
Model  1. 

Table  4-1  gives  the  calculated  upper  limit  to  the  final  temperature 

in  various  materials  starting  at  20°C  for  two  typical  laser  pulses  in  these 

8 2 6 “ 2 

experiments,  10  w cm  for  0.125  ns  at  1.06  pm  (Nd  laser),  and  10  w cm 

for  0.3  ps  at  10.6  pm  (CO2  laser). 

Model  2,  which  Includes  conduction ^has  been  developed  by  Bechtel 
(Reference  14).  He  considers  a laser  pulse,  gaussian  in  time  and  space, 
which  is  absorbed  at  the  surface  of  the  target.  His  equations  can  be 
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Table  4-1.  Properties  of  Target  Materials  and  Estimates  of 
Temperature  Rise 


Target  Material 

A1 

pure 

Al 

A1  loy 
6061-T6 

Al 

Alloy 

2024- 

T3 

Stain- 

less 

Steel 

321 

Ti 

Alloy 

6A1-4V 

Density 

2.70 

2.77 

2.70 

8.0 

4.47 

- 3 
g/cm 

Heat  Capacity 

0.90 

0.84 

0.96 

0.50 

0.61 

J/(gC) 

Thermal  Conductivity 

2.37 

1.52 

1.62 

0.16 

0.13 

w/(cm  C) 

Electrical  Resistivity 

2.8 

5.74 

4.11 

70 

150 

pD  cm 

Absorptance  (1.06  pm) 

0.060 

0.085 

0.072 

0.30 

0.45 

(10.6  pm) 

0.020 

0.027 

0.023 

0.09 

0.13 

Skin  Depth  (1.06  pm) 

0.5 

0.72 

0.6 

2.5 

4 

(x  10  ^cm) 

(10.6  pm) 

1.6 

2.3 

1.9 

8 

12 

(x  10  ^cm) 

Melting  Range 

660 

580- 

500- 

1370- 

1540- 

650 

640 

1430 

1650 

C 

Bolling  Point 

2467 

3287  (pur 

•e  Ti)  C 

Final  Temperature 

Nd  laser  pulse  (10  w 

/cm^  , 0.125  ns) 

Model  1 

630 

660 

595 

395 

565 

C 

Model  2 

47 

67 

56 

410 

812 

C 

CO2  laser  pulse  (10^  w 

/ cm^  , 0.3 

ps) 

Model  1 

1480 

1550 

1390 

910 

1320 

C 

Model  2 

24 

27 

26 

78 

132 

C 

Model  1.  Absorption  Into  skin  depth,  no  conduction 

or  radiation. 

Model  2.  Absorption  at 

surface,  conduction 

into  material. 

Values  from  Reference  22. 
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simplified  to  yield  the  peak  temperature  at  the  center  of  the  laser  spot 
T = 1.21—^ — !!L_  (4.5) 

(KpCp)*5 

where  a is  the  absorptivity,  I is  the  maxlmiun  Irradlance  incident  on  the 

m 

target,  t is  the  temporal  gaussian  scaling  factor  (=  .60  FVHM) , K is  the 
thermal  conductivity,  p is  density,  and  c^  is  the  specific  heat  capacity 
of  the  target.  The  temperature  rise  calculated  from  this  model  is  also 
expected  to  be  an  overestimate  because  the  laser  energy  is  deposited  at  an 
infinitely  thin  layer  at  the  surface,  rather  than  being  absorbed  in  the 
volume  of  the  target.  (Bechtel  also  treats  the  volume  absorption  case,  but 
the  simpler  approach  should  suffice  here.)  The  temperature  rises  for  various 
materials  calculated  from  Eq.  (4.5)  is  shown  in  Table  4-2  for  the  same  laser 
pulses  used  previously.  The  temperature  increases  are  significantly  lower 
for  most  of  the  cases  calculated,  but  especially  for  the  relatively  long  CO^ 
laser  pulses  where  ample  time  is  allowed  for  conduction  of  heat  away  from 
the  target  spot. 

The  temperature  increases  above  the  20  C starting  temperature  scale 
directly  with  laser  irradlance  in  both  models. 

Incidentally,  at  the  melting  point  of  metals,  the  thermal  conductivity 
drops  sharply  and  the  electrical  resistivity  (and  hence  both  the  absorptance 
and  skin  depth)  Increases  sharply.  For  pure  liquid  A1  at  700  C the  electrical 
resistivity  is  26.3  micro-ohm  cm  (compared  with  2.37  micro-ohm  cm  at  room 
temperature)  and  the  thermal  conductivity  is  0.90  w cm  ^ (compared  with 
2.37  w cm  ^ at  room  temperature).  (Reference  23).  Model  1 of  temperature 
rise  considered  above  is  unaffected  by  this  discontinuity  because  thermal 
conduction  is  prevented  and  the  electrical  resistivity  cancels  out  in  the 
expression  a/6  . Model  2 will  show  Increased  temperature  rises  if  the 

target  melts  because  of  the  reinforcing  factors  of  Increased  absorptance  and 
reduced  thermal  conductivity. 
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4.3.3  Effects  of  Temperature  Rise 

The  data  obtained  for  0.1  ns  pulses  ot  1.06  ym  laser  radiation  is 

considered  with  respect  to  temperature  rise.  At  the  lowest  irradiances, 

7 -2 

3 X 10  w cm  the  electron  emission  appeared  in  a short  pulse  whose  width 

' corresponded  to  the  minimum  response  time  of  the  electronics.  As  the  laser 

irradiance  was  increased,  this  sharp  spike  of  electron  emission  developed  a 

8 ""2 

tail  at  longer  times.  At  the  highest  Irradiances,  3 x 10  w cm  the 
electron  emission  pulse  loses  its  "spike"  appearance  and  exhibits  both  a 
' slower  rise  and  a longer  decay.  This  behavior  was  observed  for  all  the 

materials  tested.  The  calculation  of  temperature  rise  by  Model  1 also 
supports  the  suggestion  that  the  dominant  electron-emitting  process  shifts 
from  a prompt  emission  mechanism  to  a delayed  emission  mechanism.  Alterna- 
tively, a space  charge  effect  might  also  occur  at  the  higher  current 
densities,  limiting  the  rate  of  rise  of  the  electron  emission  pulse  and 
I extending  its  length.  This  could  be  tested  by  increasing  the  electron  drawout 

field.  Assuming  zero  thermal  conduction,  the  final  temperature  of  the 

8 —2 

A1  6061-T6  alloy  irradiated  with  a 0.125  ns  pulse  at  3 x 10  w cm  would 
be  1940  C.  This  value  is  considerably  below  the  boiling  point  of  pure  A1  at 
2467  C,  so  that  vaporization  even  of  thin  laminae  (0.5  x 10  ^ cm)  is  negligi- 
ble. 

The  amount  of  thermionic  emission  may  be  estimated  from  Richardson's 
equation  (Reference  25) 

J - A T^exp(-i^/kT)  (4.6) 

-2 

where  J is  the  electron  current  density  in  A cm  ,4/  is  the  work  function 

of  the  surface,  T is  the  temperature  in  kelvlns,  k is  Boltzmann's 

-5  -1  -2  -2 

constant  “ 8.62  x 10  eV  K , and  A is  Richardson's  constant  “ 60.2  A cm  K 

Taking  a work  function  of  4.08  eV  for  aluminum,  one  calculates  that  a surface 

temperature  of  1940  C will  produce  an  electron  current  density  of 
-1  -3 

1.5  x 10  A cm  , a value  in  reasonable  agreement  with  that  observed  for 
abraded  6061~T6  alloy.  The  stringent  assumption  of  zero  heat  conduction  was 
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required  to  obtain  this  agreement.  Because  of  the  extremely  rapid  falloff  of 

thermionic  emission  as  the  temperature  is  reduced,  thermionic  tanission  is 

inadequate  to  account  for  the  observed  emission  current  density  at  lower 

8 —2 

Irradiances  for  the  Nd  laser.  For  example,  at  an  irradiance  of  2 x 10  w cm 

the  calculated  final  temperature  is  1300  C for  which  the  thermionic  electron 

-5  -2 

current  density  is  only  1.3  x 10  A cm 

Failure  to  observe  appreciable  electron  emission  with  the  longer  CO2 
laser  pulses  on  pure  aluminum  indicates  that  the  temperature  rise  calculated 
in  the  absence  of  thermal  conduction  is  an  overestimate.  For  example,  the 

temperature  rise  for  a C0»  pulse  of  0.3  /js  at  an  irradiance  of  1.5  x 10^  w cm 

^ -2 
is  2190  C which  would  give  thermionic  emission  in  excess  of  1 A cm 

-5  -2 

Experimentally,  an  upper  limit  of  8 x 10  A cm  was  obtained.  Consequently, 
the  true  temperature  rise  must  be  much  less. 

For  these  calculations  it  must  be  noted  that  the  value  of  the  work 
function  is  highly  dependent  on  surface  condition  so  that  a variation  of 
several  tenths  of  an  electron  volt  from  the  quoted  value  is  not  at  all  un- 
reasonable. 

4.3.4  Multiphoton  Emission  of  Electrons 

The  energy  of  a Nd  laser  photon  of  wavelength  1.06  pm  is  about  1.17  eV 
while  that  of  a CO2  laser  photon  is  0.117  eV.  Assuming  the  work  function  of 
the  metal  targets  to  be  in  the  range  3.6  to  4.6  eV,  one  calculates  that  multi- 
photon  photoemission  of  electrons  by  the  Nd  laser  is  a 4-photon  process, 
while  multiphoton  photoemission  of  electrons  by  the  CO^  laser  requires  in 
excess  of  30  photons.  For  true  multiphoton  photoemission,  xog-log  plots  of 
electron  emission  current  density  versus  Irradiance  shoula  have  a slope 
corresponding  to  the  nianber  of  photons  required  (see  Fig.  2-1).  Examination 
of  the  total  emission  data  in  Figures  4-1,  and  4-6  to  4-8  shows  slopes  of 
approximately  one  and  in  Figure  4-2  a slope  of  about  two.  On  this  basis  the 
pure  multiphoton  photoeffect  appears  to  be  negligible.  It  is  possible  that 
the  measurements  reported  herein  lie  in  the  saturation  region  of  Figure  2-1, 
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but  this  is  not  clearly  established. 

4.3.5  Enhanced  Field  Emission 

The  evidence  for  enhanced  field  emission  is  summarized.  Electron 
emission  appears  to  be  prompt  except  at  the  highest  irradlances  (Figure  4-4). 
Emission  is  obtained  with  short  laser  pulses  of  high  Irradiance  but  low 
fluence,  so  that  the  target  is  not  heated  to  thermionic  emission  temperatures 
and  does  not  vaporize.  Polarization  of  the  laser  beam  normal  to  the  target 
surface  substantially  enhances  electron  emission  compared  with  polarization 
parallel  to  the  surface  in  the  case  of  A1  6061-T6  alloy  (Figure  4-5) , but 
this  polarization  effect  does  not  appear  for  the  cast  aluminum  target. 
Roughening  the  target  surface  produces  enhanced  electron  emission  (Figure  4-8 
and  Section  4.1.3). 

Comparison  with  Table  2-1  shows  all  these  effects,  with  the  exception 
of  lack  of  polarization  dependence  for  cast  aluminum,  are  characteristic  of 
the  enhanced  field  emission  mechanism. 

4.3.6  Conclusions 

In  the  experiments  reported  here,  sufficient  electron  current  density 
to  produce  LSD  waves  in  air  is  generated  in  vacuum  at  la.ser  irradlances  near 
the  reported  thresholds.  The  temperature  rise  is  too  small  for  thermionic 
emission  to  be  significant  except  possibly  at  the  highest  irradlances  studied. 
The  temperature  rise  is  too  small  to  Induce  vaporization  of  even  thin  laminae 
of  the  bulk  material.  The  slope  of  log  total  electron  emission  versus  log 
irradiance  plots  is  too  small  to  correspond  to  true  multiphoton  emission  of 
electrons.  The  bulk  of  the  evidence  supports  enhanced  field  emission  as  an 
operative  mechanism  for  electron  production  in  most  of  the  materials  studied. 
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